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Label-free detection of molecular interactions utilizing field-effect devices is one of the most 
attractive approaches for a new generation of biochips with direct electrical readout for a fast, 
simple and cost-effective analysis.  
In this study, a capacitive electrolyte-insulator-semiconductor (EIS) structure was used as 
transducer for the label-free electrical detection of charged macromolecules via their intrinsic 
charge. Polyelectrolyte multilayers (PEM) and DNA molecules were utilized as model sys-
tems to study the charge effects induced in EIS sensors by the formation of “planar”- and 
“brush”-like molecular layers, respectively.  
The layer-by-layer adsorption of positively and negatively charged polyelectrolyte (PE) layers 
onto the sensor surface as well as the influence of PE concentration, ionic strength and type of 
the applied electrolyte on the EIS sensor signal was electrochemically studied. In addition, the 
PEMs build-up was physically characterized using atomic force microscopy, scanning elec-
tron microscopy and ellipsometry.  
An array of on-chip integrated nanoplate EIS sensors based on a silicon-on-insulator structure 
was developed for the first time, enabling the reliable detection of DNA hybridiza-
tion/denaturation in a differential measurement setup. Enhanced DNA biosensor characteris-
tics were achieved by the immobilization of DNA molecules on the sensor surface via Au-
nanoparticles and used low-concentrated buffer solution for the measurements. The results of 
this novel approach were validated by means of the fluorescence microscopy method. 
Furthermore, an electrostatic model for an EIS sensor modified with “planar”- and “brush”-
like molecular layers was developed. The model predicts a strong dependence of the sensor 
signal on the electrolyte concentration, surface charge density and the distance between the 
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Zusammenfassung 
Die markierungsfreie Detektion von molekularen Wechselwirkungen mittels Feldeffekt-
basierter Sensoren ist eine vielversprechende Strategie zur Entwicklung einer neuen Generati-
on von Biochips mit direkter elektrischer Auslesung und somit geeignet für schnelle, einfache 
und kostengünstige Analysen.  
In dieser Arbeit wurde als Transducer eine kapazitive Elektrolyt-Isolator-Silizium- (EIS) 
Struktur zur markierungsfreien elektrischen Detektion geladener Makromoleküle anhand ihrer 
intrinsischen Ladung verwendet. Als Modellsystem für die Untersuchung der im EIS-Sensor 
durch die Ausbildung „planarer“ bzw. „brush“-ähnlicher Molekülschichten induzierten Effek-
te wurden Polyelektrolyt-Multischichten (PEM) bzw. DNA-Moleküle verwendet. 
Die Adsorption der positiv und negativ geladenen Polyelektrolyt-Schichten an die Sensor-
Oberfläche, sowie der Einfluss der Polyelektrolyt-Konzentration, der Ionenstärke und der Art 
des Elektrolyten auf das EIS-Signal wurden elektrochemisch untersucht. Zusätzlich wurde die 
Ausbildung der PEM physikalisch unter Verwendung eines Rasterkraftmikroskopes und der 
Ellipsometrie charakterisiert.  
Basierend auf Silizium-Isolator-Silizium-Strukturen wurde zum ersten Mal ein Mikroarray 
mit „Nanoplate“ EIS-Sensoren entwickelt, die alle auf einem einzigen Chip integriert waren. 
Dies ermöglicht mittels differenzieller Messanordnungen eine verlässliche Detektion der 
DNA-Hybridisierung bzw. -Denaturierung. Die Eigenschaften des Biosensors wurden durch 
Verwendung von Gold-Nanopartikeln für die Immobilisierung der DNA auf der Sensorober-
fläche sowie durch eine niedrige Salzkonzentration im Messpuffer entscheidend verbessert. 
Die Ergebnisse dieser neuen Vorgehensweise wurden mittels Fluoreszenz-Mikroskopie vali-
diert. 
Darüber hinaus wurde ein elektrostatisches Modell für einen EIS-Sensor mit einer „planaren“ 
und einen weiteren, mit „brush“-ähnlicher Molekularschicht entwickelt. Das Modell prognos-
tiziert eine starke Abhängigkeit der Sensorsignalstärke von der Elektrolytkonzentration, der 
Ladungsdichte auf der Oberfläche und dem Abstand zwischen geladener Schicht und Sensor-
oberfläche. Die Prognosen stimmten durchweg gut mit den experimentellen Ergebnissen 
überein. 
Schlagwörter: 
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Chapter 1  
1 Introduction  
The history of biosensors started about fifty years ago with the development of the glucose 
sensor. In 1962, Clark and Lyones fabricated a glucose sensor by the immobilization of glu-
cose oxidase molecules on an oxygen-sensing electrode via a dialysis membrane [ClaLy62] to 
make the oxygen electrode sensitive to the analyte (glucose). The idea of coupling bio-
recognition elements with various types of transducers has been used as a basis for the realiza-
tion of different biosensors, which had extraordinarily grown over recent years. One of the 
main driving forces behind the significant increase of interest and research in (bio-)chemical 
sensors has been the enormous progress in biotechnology (e.g., genomics, proteomics and 
pharmaceuticals) and the necessity of controlling and monitoring complex biochemical pro-
cesses both in-vitro and in-vivo. Figure 1.1 schematically demonstrates the functioning princi-
ple of (bio-)chemical sensors.  
As per definition of IUPAC (International Union of Pure and Applied Chemistry), a biosensor 
is an analytical device for the detection of an analyte that combines a biological component 
with a physicochemical detector. It consists of a bio-recognition element (e.g., cell receptors, 
enzymes, DNA, etc.) the transducer (e.g., optical, piezoelectric, electrochemical, etc.) that 
transforms the signal resulting from the interaction of the analyte with the biological element 
into another measurable signal and related electronics or signal processors that are primarily 




Fig. 1.1: Schematic of functioning principle of (bio-)chemical sensors. 
 
Among different kind of biochips (e.g., protein microarray, antibody microarray, etc.), the 
DNA biosensor, for application in medical diagnostic (sensing defects, or single nucleotide 
polymorphisms (SNPs) in genes), biotechnology, pharmacy, food industry and forensic is in 
great demand. In 1953, the double-helix structure of the DNA molecule was discovered by 
Watson and Crick [Wat53], which was the first stage for genetic research. Furthermore, the 
development of sequencing techniques [Maxa77, Sang77] made the decoding of genetic in-
formation possible. This approach showed that the hybridization of single-stranded DNA 
(ssDNA) could be employed for the realization of DNA chips. By DNA-hybridization pro-
cess, the target ssDNA (unknown ssDNA) is identified by a probe ssDNA and a double-
stranded (dsDNA) helix structure with two complementary strands is formed. In general, the 
commonly used DNA-detection techniques are based on labeling of the target ssDNA mole-
cules with various labels (radiochemical, enzymatic, fluorescent), followed by detection of the 
labels with specific methods after DNA hybridization [SmSan86, Zou08]. These regularly 
used techniques are established and sensitive, but due to the labeling step and utilization of 
complicated instruments for detection of the labels, such methods have been proven to be 
time-consuming, expensive and complex to implement [PogIn07]. Therefore, a direct label-
free detection method of DNA hybridization is preferable. 
In the last two decades, following different approaches for label-free detection of DNA hy-
bridization have been described: mass-sensing using quartz crystal microbalance [Dong08], 
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optical sensing utilizing ellipsometry [DemCa08] and plasmon resonance spectroscopy 
[ThiFr97], electroanalytical sensing using impedimetric [KafPän08], amperometric 
[HiaGaj01], voltammetric [KalCan10], chronopotentiometric [WanKaw01] and field-effect-
based potentiometric [PogIn07, SakMiy05, VuEsch09] methods. Recently, utilization of field-
effect-based devices (FEDs) for development of DNA-based biosensors has been strongly 
increased. The main driving force behind the enormous research and development in this field 
is the possibility of direct electrical detection of DNA hybridization using FEDs, which pro-
vides a simple, fast and cost-effective DNA analysis [SchgPog06]. Moreover, the possibility 
of miniaturization of FED-based DNA sensors using advanced microfabrication technology 
makes them very attractive for analysis of nucleic acid samples [PogCh05]. For preparation of 
FED-based DNA sensors, the binding of ssDNA molecules (bio-recognition element) into the 
sensor surface plays a very important role [Zou08, Han06]. The immobilization method 
should provide a stable binding and define the number of immobilized ssDNA per surface 
area.  
Since most nanomaterials (such as nanoparticles, carbon nanotubes and nanowires) are com-
parable in size with the bio-recognition elements, like DNA, proteins, among others (see Fig. 
1.2), they are favorable interface materials between biological molecules and transducers. For 
the improvement of FED-based biosensor characteristics, a variety of nanomaterials and 
nanostructures has been utilized. These include metal nanoparticles [GuRi09, GuAb08, Ta-
Ga06], carbon nanotubes [MarTse09, SiqAb09a, SiqAb09b], nanowires (NWs) [HaLi04, 
VuGh10, ZhLu10, ZhCh08, PaLi07, PaTi07, Stern07], nanogaps [LiCh08, SchgAb07b], 
nanocrystalline materials [AbPog08a, AbPog08b] and nanoscale films [AbPog10, Nef-
Wu07b].  
Recently, several research works have been done to detect DNA hybridization by sensing the 
change of the intrinsic molecular charge during the hybridization process utilizing FEDs (e.g., 
EIS (electrolyte-insulator-semiconductor) sensors and FETs (field-effect transistors)) 
[FrCo02, UsIn04, SakMiy05, VuEsch09, InHan07]. Since DNA molecules are poly-anions 
with negative charges at their phosphate backbone, it could be expected that the hybridization 
of ssDNA with its complementary strands would directly modulate the capacitance of an EIS 
structure or the drain current of a FET device. The past decade witnessed an amazing growth 
in research and development of FED-based DNA sensors, which has been visualized in Fig. 




Fig. 1.2: Relative size of various biomolecules and nanomaterials involved in biosensors. Sources of the photos 
used in this figure: Carbon nanotube [Web1], nanowire [Web2], protein [Web3], nucleic acid, cell and virus 
[ClipArt of Microsoft Office PowerPoint 2007]. 
 
 
Fig. 1.3: Statistics of publications about label-free detection of DNA using FEDs (source: Web of Science). 
 
In 1997, Souteyrand et al. reported a first attempt of the direct detection of a DNA-
hybridization event using a SiO2-gate ISFET (ion-selective field-effect transistor) and con-
cluded that the detected-signal changes can be induced by a change of the sensor-surface 
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charge via the DNA-hybridization process [Sout97]. Later on, researchers discussed and criti-
cally evaluated the limitation of those FEDs for detection of the charge of DNA molecules 
[PogCh05, Heiz07, Curr08]. Since only the charge-density changes, which occur at the sur-
face or within the order of the Debye length from the surface, can be detected by FEDs, the 
detection of the DNA’s intrinsic charge is strongly limited by the ion concentration of electro-
lyte. In addition, it has been demonstrated that the counter-ion condensation effect will mask 
or reduce the expected hybridization signal, especially in high ionic-strength solutions 
[PogCh05, Mann01]. 
Recently, an alternative new method and device for the label-free DNA FED-based detection 
is suggested, which utilizes an ion-sensitive field-effect device as a transducer [PogCh05]: 
here, ssDNA probe molecules are arranged into the ion-sensitive layer with a certain intermo-
lecular space, and the redistribution of the ion concentration in the intermolecular spaces 
and/or alteration of the ion sensitivity of the ion-sensitive layer (due to the DNA hybridiza-
tion) serves a detection mechanism. Thus, in contrast to field-effect-based DNA-detection 
devices discussed above, the counter-ion screening effect is used in this case to exactly obtain 
a useful sensor response. The proposed device is capable of functioning in both low and high 
ionic-strength solutions without requiring the formation of a tightly packed ssDNA monolay-
er. The expected DNA-hybridization signal could be in the range of 25-35 mV [PogCh05]. 
Basically, a deep understanding of the adsorption and interaction of DNA and other charged 
macromolecules (proteins, polyelectrolytes) into charged surfaces is of great interest not only 
for sensor applications, but also for the fundamental understanding of many key physiological 
processes. Generally, the binding and interaction of charged macromolecules can result in the 
formation of two different kinds of films on the sensor surface, namely, “planar”- and 
“brush”- like (see Fig. 1.4). In this context, as a model system for label-free field-effect-based 
detection of the formation of “planar“- and “brush“-like molecular layers, polyelectrolyte lay-
ers and DNA molecules can be used, respectively. Polyelectrolytes are linear macromolecule 
chains bearing a large number of charged or chargeable groups when dissolved in a suitable 
polar solvent. The subsequent deposition of positively and negatively PE layers leads to a 
charge inversion of the surface (charge over-compensation effect) [DechEc98], finally result-





Fig. 1.4: Planar- (a) and brush-like structure of macromolecules before and after interaction with receptors. 
 
Therefore, FEDs modified with PEMs are very useful as a model system for fundamental in-
vestigations of the adsorption and binding of charged macromolecules at the solid/liquid inter-
face. Moreover, layer-by-layer (LbL) deposition of PEMs from solutions provides a simple, 
low-cost and efficient method for the preparation of ultrathin films of a desired architecture, 
functionality and with a nanoscale control of the thickness [Dech92]. Potential applications of 
those PEMs range from functional and stimuli-responsive materials, coated colloids, hollow 
capsules and containers, coatings for lenses and biomedical implants, drug release systems up 
to biosensors, actuators and organic electronic devices [Kras00, Veer07, Hill06, MaWin09]. 
For the practical realization of these devices, it is important to understand the formation pro-
cess and internal structure of PEMs as well as the influence of fabrication parameters on the 
film characteristics. Adsorption of charged macromolecules on solid substrates and formation 
of PEMs are determined by a number of factors, like the nature and charge of the surface, the 
charge density and concentration of the polyelectrolyte, the salt concentration and non-
electrostatic interactions of the macromolecules with the surface and with each other 
[ShRu00]. Recently, beside classical characterization methods (e.g., zeta-potential measure-
ments [EtPi04], X-ray photoelectron spectroscopy [CarNi97], contact-angle measurement 
[HäFi07], and atomic force microscopy [MeJac03]), FEDs have been also used for the study 
of internal electrostatic and interfacial properties of PEMs [NefNa06]. Neff et. al. developed a 
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theoretical model (capacitor model), which quantitatively described the response of field-
effect-based thin-film resistors via the formation of PEMs [Nef06]. Theoretical models de-
scribed in the literature so far, however, do not completely provide a clear understanding of 
the mechanism of molecular detection by means of FEDs. The quantitative understanding of 
the counter-ion screening effect and charge distribution within the molecular layer as well as 
the influence of the distance of charged macromolecules from the sensor surface on the sensor 
signal still needs some more clear interpretation [SchgAb07a]. 
In this context, the experimental as well as the theoretical study of detection of molecular in-
teractions using EIS structures for (bio-)chemical sensing is the subject of this research work. 
To deal with the theme, the present approach is to achieve the following goals: 
• More detailed investigation of PEMs build-up using EIS sensors and physical charac-
terization methods (e.g., atomic force microscopy (AFM), scanning electron microsco-
py (SEM) and ellipsometry). Moreover, the investigation includes studying the influ-
ence of the number of PE layers, PE concentration, ionic strength and the type of the 
applied electrolyte on the EIS-sensor response and PEM’s morphology.  
• Design and fabrication of on-chip-integrated nanoplate EIS sensors based on a silicon-
on-insulator structure to enable a reliable and reproducible detection of DNA hybridi-
zation/denaturation in a differential measurement setup. Due to the fabrication proce-
dure, the preparation of the on-chip nanoplate capacitive EISOI sensor arrays is simple 
and cost-effective (only two photolithography steps are needed) in comparison to SOI-
based ISFETs or nanowire transistors [AbPog11a]. 
• Realization of an EISOI-based DNA-sensor array with enhanced biosensor characteris-
tics using Au-NPs for immobilization of target ssDNA molecules on the sensor surface. 
Also, applying a low-concentrated buffer solution for the DNA measurements, thereby 
reducing the screening of the intrinsic charge of the DNA molecules by counter ions in 
the solution.  
• Development of an electrostatic model for an EIS structure modified with PEMs and 
ssDNA/dsDNA molecules. The model shall explain the influence of the electrolyte 
concentration, surface charge density and the distance between charged layer and sen-
sor surface on the sensor-output signal.  
 
The format of this thesis is as follow: 
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• Chapter 1 presents the aim and motivation of this study. 
• Chapter 2 describes the functioning principle of FEDs and the electric potential of sur-
faces in liquids. 
• Chapter 3 depicts the properties of PEs used in this work and the influence of intrinsic 
and extrinsic factors on the polyelectrolyte multilayer build-up. Furthermore, the chap-
ter presents the structure of the DNA molecule as well as the hybridization/denaturation 
conditions.  
• Chapter 4 focuses on the fabrication and general characterization of the sensors (EIS 
and EISOI sensor array) used in this work. The fabricated sensors have been physically 
characterized using SEM and ellipsometry. To study the electrical and electrochemical 
behavior of the realized sensors, their frequency-dependent capacitance-voltage (C-V) 
curve and their impedance spectra have been measured. Furthermore, an electrical 
equivalent circuit has been developed for EISOI sensors, which explains the impedance 
and C-V behavior of the sensors. The pH sensitivity of bare sensors was examined us-
ing ConCap (constant-capacitance) method, which is required for the further character-
ization of functionalized sensors with PEMs and DNA molecules in the next chapters. 
• Chapter 5 deals with the label-free electrical detection of the PEM build-up (as a mod-
el system for “planar”-like molecular films) on the SiO2 surface using EIS sensors. Af-
ter adsorption of each PE layer, ellipsometry and AFM were applied for characterizing 
the changes in the PEMs thickness and surface morphology, respectively. The influence 
of the terminating polyelectrolyte layer on the wetability of the sensor surface during 
the multilayer formation was studied by means of water contact-angle measurements. 
Moreover, variation in the surface potential via adsorption of polyelectrolytes on the 
SiO2 surface using EIS sensors was electrochemically monitored and the influence of 
the ion concentration of electrolyte, concentration of PE as well as the type (buffered 
and unbuffered) of used electrolytes on the EIS sensor signals have been studied. To 
analyze the sensor response, an electrostatic model for an EIS sensor modified with 
PEMs was developed, which takes into account the Debye screening of the intrinsic 
charge of the PEs by mobile ions in the electrolyte as well as within the PEMs. In addi-
tion, the application of weak PEs for preparing biosensors with enhanced characteris-
tics is introduced and demonstrated. 
• Chapter 6 focuses on the functionalization of the EISOI sensors with Au-NPs and the 
immobilization of DNA molecules on the sensor surface. The fabricated EIS sensors 
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and nanoplate EISOI sensor array were applied for the label-free detection of DNA hy-
bridization and denaturation in a differential-mode arrangement. To reduce the screen-
ing of the DNA charge by mobile ions in the electrolyte, the measurements were per-
formed in low-concentrated buffer solution. The results of electrochemical 
characterization of DNA detection were proven by fluorescence microscopy method. 
To predict the effective potential change at the sensor surface via DNA hybridization, 
an electrostatic model using the linear Poisson-Boltzmann approach was developed and 
the mechanism of signal generation is discussed.  
• Chapter 7 presents the conclusions and discusses possible further applications of the 
results and concepts developed in this work. 
The Appendixes contain recipes and protocols used in this work including the technical 









2 Field-effect-based sensors 
The functioning principle of field-effect-based capacitors, namely the MIS structure and the 
EIS sensor are explained in this chapter. Furthermore, the change in the surface potential at 
the solid/liquid interface caused by the change of the pH value of the electrolyte is demon-
strated. The fundamental principles presented are used as a basis for understanding of the 
function of modified sensors with macromolecules used in this work. 
2.1  Metal-insulator-semiconductor structure 
The operation principle of field-effect-based capacitive EIS sensors can be described by com-
paring them with their electronic analogue, the MIS structure [PogSchg06, Sze81]. Figure. 2.1 
demonstrates an MIS structure that consists of a semiconductor substrate (in this case, p-type 
silicon) and a metal layer. The semiconductor and the metal gate are separated by a thin insu-
lating material (e.g., silicon dioxide). The insulator is assumed to be ideal in the sense that no 
current passes through the insulator (no leakage current) [PogSchg06].  
The MIS structure can be compared to parallel-plate capacitors. However, the difference and 
useful property of the MIS structure is that the applied voltage on the gate modulates the space-
charge distribution in the semiconductor and thus, the capacitance of a MIS structure [Pog-
Schg06]. 
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Fig. 2.1: Schematic of an MIS structure. VG: gate voltage. 
 
The total capacitance of the MIS structure (C) can be modeled as a series of combination of 
the insulator capacitance (Ci = ε0εiA/d, where ε0, εi, A and d are air permittivity, insulator 
permittivity, surface area and thickness of insulator layer, respectively) and the voltage-











In equation (2.1), for a given insulator thickness d, Ci is constant and corresponds to the max-
imum capacitance of the system. The value of Csc is determined by the thickness of the space-
charge region in the silicon layer, which is a function of the applied voltage to the system. As 
a result, the total capacitance of the MIS structure will also depend on the applied voltage. 
A theoretical C-V curve for an ideal p-type MIS structure is given in Figure. 2.2. Depending 
on the magnitude and polarity of the applied gate voltage (VG), the C-V curve shows three 
distinct regions: accumulation, depletion, and inversion [PogSchg06]. 
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Fig. 2.2: Theoretical C-V curve of an ideal p-type MIS structure at high and low measuring frequencies. φs: sem-
iconductor-surface potential, φB: potential difference between the Fermi level in the bulk semiconductor (EF) and 
the intrinsic Fermi level Ei (midband energy), Ci: insulator capacitance, CFB: flat-band capacitance, CLFmin: low-
frequency minimum capacitance, CHFmin: high-frequency minimum capacitance, VT: threshold voltage (adopted 
from [PogSchg06]). 
 
A schematic representation of the charge distribution and energy-band diagram for these three 
modes is given in the Figure. 2.3. The accumulation operating mode occurs, when a negative 
potential is applied to the metal gate (Fig. 2.3.a). Here, the created electric field attracts posi-
tively charged holes from the silicon to accumulate at the silicon-insulator interface and the 
MIS capacitor behaves like a conventional parallel plate capacitor. Thus, the total capacitance 
of the structure is defined by the capacitance of the insulator layer, C=Ci (Fig. 2.2) [Pog-
Schg06].  
By applying a small positive potential (VG>0) to the metal, the electric field will push the pos-
itive mobile charge carriers (i.e., the holes) away from the semiconductor-insulator interface 
(depletion mode). As a result, a depleted region of mobile carriers is formed at the semicon-
ductor-insulator interface (see Fig. 2.3.b). The width of the depletion region (wd) depends on 
the applied voltage, the doping concentration, the dielectric constant and the insulator thick-
ness [PogSchg06]. The total capacitance of the MIS structure in the depletion mode is repre-
sented as the series of a fixed capacitance of the insulator layer and a variable capacitance of 
the depletion layer and given by [Sze81, Grat98, PogSchg06]: 
 













where εs is the permittivity of the semiconductor. Increasing of the applied voltage results in 
increasing of wd, and decreasing of the total capacitance. 
 
Fig. 2.3: Charge distribution and energy-band diagram of the MIS structure in accumulation (a), depletion (b) 
and inversion (c) mode, respectively. M: metal, I: insulator, S: semiconductor, QM: charge on the metal gate, Qh: 
charge of the accumulated holes, Qd: charge in depletion region (charge of the uncovered acceptors), wd: width of 
depletion region, wm: maximum width of the depletion region, Qe: electron charge in the inversion region. The 
(+) symbols near the valence band at the semiconductor-insulator interface represent the accumulated holes. The 
(-) symbols near the conduction band represent the electrons in the inversion layer (from [PogSchg06]). 
 
Moreover, by increasing the magnitude of the applied positive potential to the metal (VG>>0), 
the energy bands bend down further at the interface, which is referred to inversion condition 
(Fig. 2.3.c). When the Fermi level bends below the intrinsic level, the electron concentration 
near the interface exceeds the hole concentration. Thus, a thin layer of n-type silicon (an in-
version layer) is formed, although the substrate is p-type. In the inversion region at low fre-
quency, the measured total capacitance can again become equal to the insulator capacitance 
[PogSchg06, Sze81]. In the low-frequency case, the gate-charge fluctuations are slow enough 
2.2 Electrolyte-insulator-semiconductor structure 
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that the inversion charge can follow the variation directly. At higher frequencies, the supply of 
charge carriers to the inversion layer is not sufficiently rapid to attain equilibrium. As a con-
sequence, C-V curves measured at higher frequencies do not show the increase of the capaci-
tance in the inversion region [PogSchg06, Sze81]. 
The transition between accumulation and depletion condition is called “flat-band” condition 
and occurs when the energy bands in the silicon continue horizontally up to the surface. This 
condition is met when there is no electric field in the silicon, and the net-charge density in the 
silicon is zero (for an ideal MIS structure when VG = 0 (see Fig. 2.2)). However, for a real 
(non-ideal) MIS structure the flat-band voltage (Vfb) is shifted by an account related to the 
difference between the metal (WM) and the silicon (WS) electron work function and the pres-
ence of charges located in the oxide (Qi, mobile, fixed, trapped, etc.) and surface and interface 

















Non-ideality leads to a band bending even at equilibrium in the semiconductor. Here, to reach 
the flat-band condition, an additional potential must be applied to the metal [PogSchg06]. 
2.2 Electrolyte-insulator-semiconductor structure 
The simplest field-effect-based (bio-)chemical sensor is the EIS sensor, which represents a 
(bio-)chemically sensitive capacitor. The structure of the capacitive EIS sensor is shown in 
Figure 2.4. It is obtained from an MIS structure by replacing the metal gate by an electrolyte 
and a reference electrode. For operation, a dc (direct current) polarization voltage is applied 
via the reference electrode to set the working point of the EIS sensor, and a small ac (alterna-
tive current) voltage is applied to the system in order to measure the capacitance of the sensor, 
similar to the well-known measurements with MIS capacitors [PogSchg06, Berg03].  
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Fig. 2.4: Structure and measuring setup of the capacitive EIS sensor. 
 
The complete ac equivalent circuit of an EIS system is complex and includes components that 
are related to the semiconductor, gate insulator, different interfaces, electrolyte and reference 
electrode [Bous83, Mac87]. However, for usual values of insulator thickness (~30-100 nm), 
the ionic strength of a sufficiently adjusted electrolyte solution (>10-4-10-5 M) and the fre-
quencies used, the equivalent circuit of an EIS structure can be simplified as a series connec-
tion of the insulator capacitance and space-charge capacitance of the semiconductor [Berg91, 
FaLa90, Dem95, PogSchg06]. 
Thus, the expression for the capacitance of the EIS structure (C(ψ0)) is similar to the equation 
for an MIS capacitance, but with a modulation possibility of Vfb and consequently, the space-
charge capacitance (Csc(ψ0)), by means of the electrolyte solution/insulator interface potential 
(ψ0), which could be caused by a change of the ion concentration in electrolyte or binding 
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Correspondingly, Vfb can be deduced from that of the MIS structure (Eq. (2.3)) by simply add-
















Here, Eref is the potential of the reference electrode, χsol is the surface-dipole potential of the 
solution.  
In following section (Chapter 2.3), the potential at the electrolyte-oxide interface will be dis-
cussed in more detail.  
 
2.3 Oxide/electrolyte interface 
2.3.1 Electrical double-layer 
If a solid surface and a liquid are brought into contact, the charges of the solid surface cause 
an electric field at the solid/liquid interface. This electric field attracts counter ions from the 
electrolyte. The layer which contains surface charges and counter ions is called electric double 
layer. In general, three models for the electric double layer are existing (Fig 2.5) [Butt03]. The 
simplest model of an electric double layer (Helmholtz model) defines that the counter ions 
bind directly to the charged surface and neutralize it (Fig 2.5a). In this model, the electric field 
generated by surface charges is limited to the thickness of a molecular layer. Nevertheless, the 
Helmholtz model does not account for many factors such as, diffusion/mixing in the solution, 
the possibility of absorption on the surface and the interaction between solvent dipole mo-
ments and the electrode [Butt03]. 
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Fig. 2.5: Helmholtz (a), Gouy-Chapman (b) and Stern model (c) of the electric double layer. Potential distribu-
tion as a function of distance from the substrate surface (d) (the figures 2.5. a-c are adopted from [Butt03]). 
 
The second introduced model is the Gouy-Chapman double-layer model, which improves the 
Helmholtz model and takes into account the thermal motion of ions [Butt03]. In this model, 
thermal fluctuations tend to drive the counter ions away from the surface that results in the 
formation of a diffuse layer (Fig 2.5.b). With the “linearized Poisson-Boltzmann equation” for 
planar surfaces, the potential distribution (ψ) for low surface potentials (ψ0 ≤ 80 mV), can be 
calculated [Butt03] as:  
 
xe κψψ −= .0  (2.6) 
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where x is the distance and 1−= Dk λ . Here, Dλ  is the decay length (Debye length). The Debye 










In some practical cases, the surface potential is larger than 80 mV. On account of this calcula-
tion of potential distributions, the general one-dimensional Poisson-Boltzmann equation 



















In the above equation, y is the dimensionless potential ( TKey B/ψ= , 0e is the elementary 
charge, BK  is the Boltzmann constant and T is the thermodynamic temperature) [Butt03]. 
Here, using Grahame’s equation based on the Gouy-Chapman theory and defined charge den-
sity (σ), the potential at the charged surface (ψ0) can be calculated. The Grahame’s equation 
can be deduced from a condition of “electroneutrality”. For this condition, the total charge 
(i.e., the surface charge plus the charge of the ions) in the whole double layer must be zero. 
Using the one-dimensional Poisson equation and the fact that the potential and its gradient are 













               



















Neither the Helmholtz nor the Gouy-Chapman model can completely describe the real struc-
ture of the electrical double layer. Figure 2.5c shows the Stern model which combined both 
models and divided the electrical double layer into two parts: Stern layer and diffuse layer. 
The Stern layer is a layer of ions that is directly adsorbed to the surface. The diffuse layer 
(Gouy-Chapman layer) consists of mobile ions with a distribution confirmed by Poisson-
Boltzmann statistics. The potential at the point where the bound Stern layer ends (outer 
Helmholtz layer) and the mobile diffuse layer begins is the zeta potential (ζ) (see Fig 2.5.d) 
[Butt03]. 
2.3.2 Site-binding model 
Commonly used gate-insulator materials for fabrication of EIS structures are oxides (e.g., 
SiO2, Ta2O5, Al2O3) which always contain neutral amphoteric hydroxyl groups (MOH). The 
mechanism of surface charging for oxides is as follows: 
If these are brought in contact with liquids, depending on the pH value of the solution, the 
neutral surface hydroxyl sites of oxides are either able to bind (MOH2+) or release (MO¯) a 

















where +BH  represents the protons in the bulk of the solution, and K1 and K2 are chemical 
equilibrium constants.  
2.3 Oxide/electrolyte interface 
 21 
Consequently, at pH>pHpzc (where pHpzc is the pH value at the point of zero charge), the oxide 
surface is negatively charged and at pH<pHpzc the surface is positively charged (Fig. 2.6). A 
change in the pH will change the oxide-surface potential. The resulting pH-dependent electri-
cal surface charge of the gate insulator will lead to a modulation of the capacitance of the EIS 
structure [Yate74, PogSchg06]. 
 
 
Fig. 2.6: Electrolyte-oxide interface. Depending on the electrolyte pH, the surface groups can be neutral (MOH) 
or negative (MO-) or positive (MOH2+); pHpzc: pH value at the point of zero charge. 
 























qTCK difB  
(2.15) 
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where α is a dimensionless sensitivity parameter (0< α <1). The value of α depends on follow-
ing parameters: 
the surface intrinsic buffer capacity (βint), which characterizes the ability of the oxide surface 
to deliver or take up protons,  
the double-layer capacitance (Cdif), which is mainly determined by the ion concentration of 
the bulk solution via the corresponding Debye length. 
From equations (2.14) and (2.15), it can be concluded that the maximum Nernstian sensitivity 
(59.3 mV/pH at 25°C) can be obtained only when α approaches 1 [PogSchg06]. A condition 
of α=1 is reached for oxides with a high density of surface-active sites and a low value of the 
double-layer capacity (low electrolyte concentration). A sub-Nernstian response can be ex-
pected for oxides with α<1 [PogSchg06]. Therefore, oxides with a large amount of surface 
sites, like Ta2O5 (~1015 cm-2) exhibit a high pH sensitivity [SchgBr05], whereas for SiO2 with 





3 Charged macromolecules 
In this chapter, the structure and general properties of charged macromolecules, which have 
been used for the experiments, are presented. Furthermore, the layer-by-layer formation of 
PEMs as well as the DNA-hybridization/denaturation event is described. 
3.1 Polyelectrolytes 
Polyelectrolytes are soluble polymers in aqueous solution containing many positively or nega-
tively charged groups [Dech92, Rade01]. The charge of PE is generated by the dissociation of 
monomer side groups, like amines ( −+ +→ ClNHClNH 33 ~~ ) or sulfonates 
( +− +→ NaSONaSO 33 ~~ ) [Butt03]. Increasing the degree of dissociation leads to rising of 
the polymer charge.  
The conformation and adsorption of polyelectrolytes are strongly influenced by the ionic 
strength of the solution. In pure water, highly charged polyelectrolytes adopt an extended con-
formation because of repulsive interactions between charged segments (Fig 3.1a). In salt solu-
tion, the interactions are screened so the polyelectrolyte adopts a coiled structure (Fig. 3.1b).  
The charge of a polyelectrolyte is shielded in aqueous solution by small ions. This effect is 
described in the Debye-Hückel model by the screening length. Thus, the electrolyte affects 
both the polymer adsorptivity and adsorbed layer thickness via the screening of electrostatic 
polymer-surface attraction and of electrostatic repulsion between the charged segments 
[BarJo96, ChoSt99, Dob96; Mic99]. 
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Fig. 3.1: Polyelectrolyte conformation depending on ionic strength in solution and in the adsorbed state is 
demonstrated [Butt03]. 
 
Currently, most of the fundamental work in the field of polyelectrolyte adsorption on a 
charged surface has been carried out with poly(styrene sulfonate) or PSS and poly(allylamine 
hydrochloride) or PAH [YoSh98, Dech92, Dech97, DechEc98, DechSlf03, Schf03a, 
Schf03b]. 
The structural formula of PSS and PAH are given in Figure 3.2. PSS is a negatively charged 
polyanion, whereas PAH is a positively charged polycation. PSS is a strong polyelectrolyte 
that totally dissociates upon dissolution in aqueous solutions and therefore, is fully negatively 
charged as it liberates Na+ ions for a wide pH range. 
PAH is a weak polyelectrolyte and the degree of dissociation/charging of its amine group de-
pends on the pH value of the solvent. It is fully charged at pH ≤ 6 [Maus04, Glin07]. An iso-
lated amine group at the end of a saturated hydrocarbon chain has a pKa ~ 10.6. Because of 
the similarity of the chemical bonds in the vicinity of the amine group, this is also approxi-
mately the pK of an isolated amine group of PAH. In reality, the amine group is not isolated. 
The pKa of PAH is lower (8.7) because of the mutual electrostatic interaction between neigh-





Fig. 3.2: Chemical structures of PSS and PAH. 
 
3.1.1 Build-up of polyelectrolyte multilayer 
The self-assembly of macromolecular thin films is becoming increasingly important with a 
wide field of applications such as the preparation of ion-permeable membranes [DaJen01], 
drug delivery systems [MaWin09], biosensor applications [AbPog10, NefWu07a], among 
others. The usual method used for formation of ultra-thin films with various degrees of mo-
lecular order and stability is the LbL technique. It is an economical and a readily available 
process for the fabrication of any kind of shape of large-area defect-free films on surfaces 
with unique properties. 
The formation of PEM is based on the consecutive adsorption of polyions with alternating 
charge. Experimentally, the substrate is consecutively exposed to the respective PE solution 
for a time necessary for the adsorption of a single monolayer, followed by rinsing, and expo-
sure to the next PE solution. These procedures are repeated until the desired number of layers 
is achieved [Dech92]. A schematic representation of the polyelectrolyte multilayer film built-
up is given in Figure 3.3.  
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Fig. 3.3: Schematic representation of PEM build-up using LbL technique. 
 
The main idea of this method is based on the charge overcompensation by polyion adsorption. 
It has been measured that only about one third of the terminating PE layer is complexed with 
charges from the underlying layer. The rest of the charges have to be screened by counterions 
or the charges from the next adsorbing layer. It is well accepted that the electrostatic interac-
tion between the (opposite) charges of adjacent PE layers is the driving force for multilayer 
formation. This was supported by the fact that in electrokinetic measurements, the zeta poten-
tial changes its sign after each PE deposition step. It results in a kind of “zigzag” curve with 
the almost same amplitude [ScSchf02, Sukh98, DechEc98]. Provided that each adsorption 
step leads to a charge inversion of the terminated layer surface, the subsequent deposition 
finally results in a layered complex stabilized by strong electrostatic forces.  
As mentioned earlier, small counterions render the total system (i.e., the substrate, the PEM, 
and the adjacent bulk solution) electrically neutral. The counterions indirectly (but strongly) 
influence the multilayer build-up by adjusting the conformation of the PE molecules in the 
bulk (through screening effects). It is suggested that the ion content depends on the charge 
density of the polyelectrolyte. If the average distance between the polyelectrolyte charges is 
less than the Bjerrum length ( Å7)/(20 == TKel BB ε ), the multilayers contain small counteri-
ons, which are immobilized (“Manning condensation”) on the polyelectrolyte [Mann78]. By 
low charge density of PE, multilayers are free of counterions because all ions are released 
upon film formation [Mann78]. 
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The structure and conformation of PEMs are strongly dependent on the charge density of PEs, 
ionic strength as well as pH value of the exposed solutions. 
3.1.1.1 Influence of ionic strength and charge density on the PEM formation 
By the addition of salt to an aqueous PE solution, the thickness of the self-assembled films 
prepared from these solutions will be increased. The difference in film thickness can be ex-
plained by different conformations of the chains. Without salt, the polyelectrolyte chains are 
oriented flat and parallel to the substrate but with higher salt concentration of the aqueous 
solution, the chains form coils that are then adsorbed at the interface [Butt03]. 
Moreover, the charge density of PEs can influence the shape, thickness and morphology of the 
PEMs as follow [SteiJa01]: 
With a charge density ≥75%, thick films are built-up and they become slightly thinner with 
increasing degree of charge. This is due to the transition from a more coiled to a flat chain 
conformation of the adsorbed chain because of the increasing electrostatic repulsion between 
the charges along the chain. This change in conformation is also considered in the decreasing 
roughness of the surface with increasing degree of charge. The larger roughness is due to 
chain loops at the surface, whereas chains with flat segments lead to a molecularly smooth 
surface. 
• With a charge density ≤50%, only thin films are formed. In this regime, the change in 
surface charge after the adsorption of the polycation seems not to be high enough for 
the build-up of a multilayer system. These results suggest that a minimum charge of 
both the surface and the oppositely charged polyelectrolyte chain is necessary for the 
adsorption of the polyelectrolyte. 
• In the case of fully charged polyelectrolytes, the film thickness changes dramatically 
with the salt concentration. The observed change in layer thickness is attributed to the 
increasing of charges’ screening along the polyelectrolyte chain with increasing ionic 
strength, which induces an increasing coiling of the polyelectrolyte chains. Below a 
charge density of 50%, the ionic strength has no influence on the film thickness. Above 
the charge overcompensation threshold, the thickness can be fine-tuned by salt additive 
in the dipping solution. 
3.1.1.2 Influence of pH on the PEM formation 
The two most important parameters governing the adsorption of PEs on oppositely charged 
surfaces (PEM formation) in the absence of added salt are the linear charge density of the ad-
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sorbing polymer chain and the surface-charge density of the substrate. This, in turn, provides 
an opportunity to systematically control the amount of polyelectrolyte layers adsorbed onto a 
surface, especially in systems containing weak PEs [Schf03b]. 
Since the degree of ionization of a weak PE and the surface charge density of a substrate can 
be controllably varied via pH changes in the solution, it is possible to systematically control 
the build-up of PEMs. This type of control is particularly useful during an LbL sequential 
process as it provides a very powerful means to control bi-layer composition, thickness and 
organization. Several experiments suggest a high level of interpenetration in sequentially ad-
sorbed layers based on weak polyelectrolytes. It is estimated that segments from a particular 
polymer layer can penetrate into as many as one to three of their surrounding bilayers 
[Schf03b]. 
3.2 DNA structure 
DNA is a nucleic acid that contains the genetic information of the biological functions of all 
living forms and some viruses. Nucleic acids are macromolecules composed of repeating sub-
unit-nucleotides. A schematic structure of the DNA molecule is presented in Figure 3.4. Each 
nucleotide is composed of a phosphate group, a five-carbon sugar (or pentose), and a cyclic 
nitrogen-containing base. Four different bases are commonly found in the DNA molecular 
structure, namely adenine (A), guanine (G), thymine (T) and cytosine (C). A and G are double 
ring bases called purines; C and T are single-ring bases called pyrimidines. In the DNA, these 
subunits are joined together in long chains. One of the most existing breakthroughs in the his-
tory of biology occurred in 1953 when James Watson and Frasic Crick deduced the correct 
structure of DNA. Their double helix structure of a DNA molecule immediately suggested an 
elegant mechanism for the transmission of genetic information [SnSi06].  
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Fig. 3.4: Schematic structure of DNA molecule, illustrating the opposite chemical polarity of two strands and the 
hydrogen binding between A and T as well as between C and G (from [WaBe09]). 
 
The double helix of DNA has the following features (see Fig. 3.4) [WaBe09, SnSi06]: 
• It contains two polynucleotide strands wind around each other. 
• The backbone of each strand consists of alternating deoxyribose and phosphate groups. 
• The phosphate groups act as a bridge between the consecutive sugars forming the line-
ar polymers. 
• The two strands are "antiparallel"; that means, one strand runs from 5′ to 3′ while the 
other runs from 3′ to 5′. 
• The purine or pyrimidine attaches to each deoxyribose towards the axis of the helix. 
• In double-stranded DNA (dsDNA), base pairs are formed through hydrogen bonds be-
tween A and T and between G and C. 
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• The double helix makes a complete turn in just over 10 nucleotide pairs, so each turn 
takes the 34 Å as shown in Fig. 3.4. 
• There is an average of 25 hydrogen bonds within each complete turn of the double he-
lix providing a stability of binding about as strong as what a covalent bond would pro-
vide. 
• The diameter of the helix is about 20 Å. 
• The path taken by the two backbones form a major (wider) groove and a minor (nar-
rower) groove. 
3.2.1 DNA hybridization and denaturation events 
The reaction of one strand of DNA matching up with its counterpart strand is called hybridiza-
tion. By knowing the molecular structure of one ssDNA, one can determine the other (com-
plementary) single strand. A technique that is used to determine a base-pair sequence in a 
DNA sample is called genetic sequencing. Hybridization can be performed either in solution 
or on a solid support [Web6]. The rate of the DNA hybridization depends on DNA concentra-
tion (the higher the DNA concentration, the faster the hybridization), temperature, ionic 
strength and pH value of the hybridization solution, etc. [SnSi06, Web6]. 
Denaturation occurs when the hydrogen bonds of the double helix are broken and the two 
DNA strands separate from each other. Breaking of the hydrogen bonds is usually done by 
temperature increase or with high concentrated alkaline or low ionic-strength solutions. If a 
solution of native (double-stranded) DNA is heated slowly under carefully controlled condi-
tions, the DNA "melts" over a narrow temperature range [SnSi06, Web7].  
When the solution is allowed to cool, the separated DNA strands reassociate with kinetics that 
depend on the initial concentration. Complementary strands collide randomly in the nuclea-
tion event, followed by a rapid "zipping up" of adjacent nucleotide pairs. The reassociation 
requires varying amounts of time, depending on both the DNA concentration in the solution 
and the length of the DNA strands [SnSi06].  
The melting temperature (Tm) of an oligonucleotide is the temperature at which 50% of the 
oligonucleotide and its perfect complement are present in duplex form. Typically, annealing or 
hybridizations are performed at 5 °C-10 °C below the Tm of a duplex. The simplest equation 
for Tm calculation in °C is the Wallace rule [RyRh89, Web7]: 
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where NA, NG, NC, and NT are the number of incidences of each nucleotide in the oligo. This 
equation was developed for short DNA oligos of 14-20 bases hybridizing to DNA targets im-
mobilized on a substrate in 0.9 M NaCl.  
If both target and probe are free in solution, Tm is approximately 7-8 °C lower than when the 
target is immobilized on a membrane [WalSh79, Web7]. Tm is dependent on the ionic strength 
(the higher the electrolyte concentration, the higher Tm, because the positive Na+ ions shield 
the negative charges on the phosphodiester backbone from repelling each other), the base 
composition (the higher the percent of G-C pairs (%G-C), the higher Tm), length of molecule 
(the higher the length the higher Tm), the pH value (DNA denatures at pH>12), and the pres-
ence of helix-destabilizing agents (urea, formamide) [RyRh89, Web7]. 







4 Fabrication and characterization of EIS and EISOI 
sensors  
The fabrication procedure of the EIS sensors and the EISOI sensor array are described in this 
chapter. The physical characterization of the fabricated sensors by means of ellipsometry and 
scanning electron microscopy together with the electrochemical characterization of bare sen-
sors by means of C-V, constant-capacitance and impedance-spectroscopy methods are also 
explained in this chapter. The introduction of an electrical equivalent circuit accounts for the 
C-V and impedance-spectroscopy behavior of the EISOI sensors. In addition, proof of the pH 
sensitivity of bare sensors is also discussed. Some of results described in this chapter are pub-
lished in [AbMor11, AbIn09a, AbIn09b]. 
4.1 Fabrication of EIS structure and nanoplate EISOI sensor ar-
ray 
For fabrication of EIS structures (Al/p-Si/SiO2), 30 nm SiO2 layer was grown on the Si (p-Si 
<100>, boron-doped, ρ= 1-10 Ωcm) wafer. The thickness of the SiO2 film was determined by 
means of ellipsometry. After etching of the SiO2 layer from the rear surface of the wafer, a 
contact layer of 300 nm Al was deposited on the rear-side of the p-type wafer. The wafer was 
then covered with a photoresist layer in order to protect the front surface from the cutting pro-
cedure, and cut into chips with a square surface of about 10 ×  10 mm2. 
The nanoplate capacitive sensor array with a 350 nm thick top Si layer was fabricated from an 
SOI wafer (SOITEC, France) with a 360 nm thick top Si layer (p-Si <100>, boron doped, 
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 ρ= 14-20 Ωcm) on a 400 nm thick BOX layer. For the fabrication of the field-effect-based 
capacitors, first a high-quality thermal silicon dioxide layer (30 nm) was grown on the top Si 
layer (Fig. 4.1, step 1). In the second step, the top SiO2 layer was structured by optical lithog-
raphy (for photomask design, see appendix B) and etched (wet etching) with an ammonium 
fluoride etching mixture AF 91-9, PURANAL (Honeywell Specialty Chemicals Seelze 
GmbH, Germany). For isolation of individual nanoplate capacitors, the top Si layer was aniso-
tropically etched in 12.5% TMAH (tetramethylammoniumhydroxid) at 90 °C (etching rate of 
1.2 µm.min-1) [Taba92] using the structured top SiO2 layer as a mask (Fig. 4.1, step 2). In the 
third step, the top SiO2 layer was structured again by optical lithography and etched to open 
contact windows to the top Si layer (Fig. 4.1, step 3).  
 
 
Fig. 4.1: Flowchart for the fabrication of a nanoplate EISOI sensor array.  
 
As a contact layer, 300 nm Al was deposited in front of the top Si layer followed by lift-off 
and annealing processes (Fig. 4.1, step 4). Finally, the wafer was cut into 12 mm × 12 mm 
chips. Each chip consists of four electrically isolated nanoplate capacitive field-effect-based 
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sensors. Figure 4.2 shows the top-view and cross-section SEM micrograph of the layer struc-
ture of the fabricated SOI-based nanoplate capacitor. 
 
Fig. 4.2: Top view of the realized nanoplate EISOI sensor array (a) and cross-sectional SEM picture of the EISOI 
sensor layer structure (b, c). 
 
4.2 Measurement setup and methods 
For electrochemical characterization, the sensor chips were mounted into a home-made meas-
uring cell (Fig. 4.3 and Fig. 4.4), sealed by an O-ring, and contacted on their front side by the 
electrolyte and a reference electrode (for EISOI measuring-cell design, see appendix C). The 
rear side (in the case of EIS sensors) or front-side contact on the upper surface of the top Si 
layer (in the case of nanoplate EISOI capacitors) was attained by the use of a gold-plated pin 
(see Fig. 4.5a, and 4.5b). 
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Fig. 4.3: Top (a) and side view (b) of the measurement cell for an EIS sensor. 
 
 
Fig. 4.4: Top (a) and side view (b) of the measurement cell for an EISOI sensor array.  
 
The area of the sensor in contact with the electrolyte is determined by the diameter of the O-
ring and was about 0.65 cm2 and 0.19 cm2 for the EIS and EISOI sensors, respectively. A con-
ventional Ag/AgCl electrode (Metrohm 6.0733.100 Ag/AgCl, 3 M KCl) was used as a refer-
ence electrode. The measurements have been performed in a dark Faraday cage at room tem-
perature. All potential values are referred to the reference electrode. 
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Fig. 4.5: The structure and measuring setup of the capacitive EIS sensor (a) and the capacitive EISOI sensor 
array (b). 
 
For the electrochemical characterization of EIS sensors and the EISOI sensor array, three 
methods are used: C-V, constant-capacitance (ConCap) and impedance-spectroscopy (IS) 
methods. For the C-V measurements, a small ac voltage (20 mV) and a dc polarization voltage 
via the reference electrode was applied to the sensors. The impedance analyzer (IM6, Zahner 
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Elektrik, Germany) measures the whole impedance of the structure and separates the resistive 
from the capacitive component of the current.  
The schematic C-V curves of a p-type EIS sensor are given in Figure 4.6a. The C-V curves 
show three different regimes, namely the accumulation, depletion and inversion. In the accu-
mulation operating mode, the capacitance of the insulator layer is significantly smaller than 
the space-charge capacitance; the capacitance of the whole EIS structure is mainly determined 
by the geometrical capacitance of the insulator, C=Ci. For a capacitive field-effect sensor ap-
plication, the more useful range represents, however, the depletion region of the C-V curve. 
Since the objective is to characterize the (bio-)chemical sensitivity of the EIS system, it is 
essential to maintain the conditions at the gate-insulator/semiconductor interface in a constant 
state so that the measured changes, for instance, concentration-dependent and/or molecular-
charge-dependent shifts of the C-V curves, can be attributed entirely to the reactions at the 
electrolyte/insulator interface. The response of a sensitive EIS structure with respect to the 
electrolyte composition and/or adsorption of charged macromolecules, as explained in section 
2.1, depends on its flat-band voltage shift at the working point (Eq. 2.5) which can be accu-
rately determined from the C-V curves (Fig. 4.6a) [PogSchg06].  
In contrast to the C-V method, the ConCap measuring mode allows the investigation of the 
dynamic behavior of the sensor signal. In the ConCap mode, setting the capacitance at a fixed 
value (ideally at the flat-band capacitance; usually within the linear region of the C-V curve at 
~60-70% of the maximum capacitance depending on the shape of the high-frequency C-V 
curve) by using a feedback-control circuit shifts the voltage, which can be directly recorded 
resulting from the potential change at the sensor surface (Fig. 4.6b). The potential change at 
the sensor surface can be caused by a change of pH or ion concentration of electrolyte or 
binding of charged macromolecules. To obtain the calibration curve of the sensor, the meas-
ured voltage values are plotted against the corresponding analyte concentration or molecular 
charge (Fig. 4.6c) [PogSchg06]. 
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Fig. 4.6: Typical high-frequency C-V curves (a) and ConCap response (b) of a p-type EIS sensor for different pH 
values. To obtain the calibration curve (c) of the sensor, the measured voltage values are plotted against the cor-
responding pH values or surface-charge changes. 
 
Another method that was used for electrochemical characterization of the sensors utilized in 
this work is IS. This is a very useful method for characterizing the electrical properties of ma-
terials and interfaces [Park03, PogMa04, KraMor06].  
Impedance is the totally complex resistance. It depicts a measure of opposition to alternating 
current that flows through a circuit made of resistors, capacitors or inductors. The phase shift 
and the magnitude of the alternative current can be determined by the configuration of the 
electronic components in the system. The electrochemical impedance can be measured by the 
current that passes through the cell, when an ac small potential is (e.g., sinusoidal excitation) 
applied to this cell (see Fig. 4.7) [Web4]. 
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Fig. 4.7: Sinusoidal current response in a linear system (adopted from [Web4]). 
 
The applied excitation ac potential has the form [Web4]: 
 
)sin(.0 tEEt ω=   (4.1) 
 
where, tE  is the potential at time t, 0E  is the signal’s amplitude, and ω is the radial frequen-
cy. The relationship between radial frequency ω  (expressed in radians/second) and frequency 
f (expressed in Hertz) is [Web4]: 
 
fπω 2=  (4.2) 
 
In a linear system, the response signal ( tI ), is shifted in phase ( Φ ): 
 
)sin(.0 Φ+= tII t ω  (4.3) 
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The impedance is therefore expressed in terms of a magnitude (Z0) and a phase shift ( Φ ). 
To display the impedance characteristics, either a Bode plot of the absolute magnitude of the 
impedance ( Z ) versus frequency, or the well-known Nyquist plot or an impedance plane plot 
of )sin(. Φ=′′ ZZ  (the imaginary or capacitive component of the impedance) versus 
)cos(. Φ=′ ZZ  (the real or resistive component of the impedance) have usually been used. 
Each point in the Nyquist plot is the impedance at one frequency [Mac87].  
 
Fig. 4.8: The equivalent circuit of an EIS sensor (adopted from [BousB83]). 
 
Very few electrochemical cells can be modeled using a single equivalent circuit element 
[Mac87, Web4]. Usually, IS models consist of a number of elements in network with both 
serial and parallel combinations of elements. The impedance characteristics of MIS and EIS 
structures are well studied [Dem95, Mac87, Bous83, Diot85, BousB83]. Figure 4.8 demon-
strates a general equivalent circuit for an EIS structure. The equivalent circuit consists of the 
reference electrode’s resistance (RRE), the electrolyte resistance (Re), the electrolyte-insulator 
interface impedance (it consist of double-layer capacitance, Cdl, a diffuse impedance Zw and 
SiO2/electrolyte interface capacitance, Ca), the insulator capacitance (Ci), space-charge capac-
itance in the semiconductor (Csc) and space-charge resistance in the semiconductor (Rsc). The 
components of this model can be reduced depending on the applied voltage, applied frequen-
cy and system parameters [Mac87] (see next section). 
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In this work, the IS method was especially used for the characterization of the developed 
EISOI sensor array. An electrical equivalent circuit for the EISOI structure was developed and 
discussed, which explains the C-V and IS behavior of the EISOI sensors (sections 4.3.1 and 
4.3.2). In addition, the IS method was applied to study the change of the phase and impedance 
via PEM build-up on EIS sensors (section 5.2.3). 
4.3 Electrochemical characterization of EIS and EISOI sensors 
4.3.1 Capacitance-voltage curves  
Typical C-V curves of an EIS sensor as well as of an EISOI sensor recorded in pH 7 buffer 
solution at different frequencies from 30 Hz to 1000 Hz are presented in Figure 4.9. At a low 
frequency of f=30 Hz, the C-V curve of both the EIS and the EISOI structures shows the well-
known low-frequency behavior with typical accumulation, depletion and inversion regions. 
The maximal capacitance in the accumulation region is frequency-dependent, whereas with 
increasing the frequency, the C-V curves shift along the capacitance axis towards smaller 
maximum capacitance values. This effect is a direct indication of a series resistance “prob-
lem” [Lun06, Est96]. Similar effects have been observed in EIS structures modified with 
high-resistive ion-selective membranes [Dem95, FaLa90, MoMa03] as well as in MIS struc-
tures with high-resistive substrates [Lun06, Est96]. 
At the same time, however, there are significant differences between the C-V curves of EIS 
and EISOI structures [AbMor11]: 
• First observation: In comparison to an EIS sensor, the C-V curves of the EISOI struc-
tures show a stronger frequency dependence in the accumulation region. To explain this 
effect, an equivalent circuit of the EISOI structure should be considered.  
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Fig. 4.9: Frequency-dependent C-V curves of an EIS (a) and an EISOI sensor (b). 
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The complete ac equivalent circuit of an EIS system is complex (see Fig. 4.8) and combines 
several components. However, for usual values of insulator thickness (10-100 nm) and elec-
trolyte concentration (>10-4-10-5 M) used, the interferences from several components are neg-
ligible [Berg91, Dem95]. Therefore, the equivalent circuit of an EIS system can be simplified 
as a series connection of Ci, Csc, and the equivalent resistance (R=Rc+RSi+RRE) consisting of 
Al-Si contact resistance (Rc), bulk resistance of Si (RSi), and resistance of the reference elec-
trode (RRE). As it has been demonstrated in [Dem95, FaLa90, MoMa03], the existence of any 
series resistance can lead to a frequency-dependent deformation of the C-V plots of the capac-
itive field-effect structure and even to practically flat curves at high frequencies. 
 
 
Fig. 4.10: Schematic of an EISOI structure with embedded simplified equivalent circuit in the accumulation (a) 
and depletion (b) region. 
 
Figure 4.10 shows the schematic of an EISOI structure with the embedded simplified equiva-
lent circuit in the accumulation (a) and depletion (b) region. If a large negative potential is 
applied to the reference electrode, an accumulation layer of positively charged holes is formed 
near the Si-insulator interface, and the total capacitance is determined by the insulator capaci-
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<<  is met, the measured Cm will be equal to the real insulator 
capacitance. If this condition is not satisfied, the measured capacitance in the accumulation 
range will be affected by a series resistance. As a result, the measured capacitance can be 
much smaller than the real capacitance of the system. 
For the EIS structures used in this study, RSi is very small. The estimated values for Rc using 
the Al-Si specific contact resistance of 700-800 Ωcm2 [Sze81] and a contact area of 1 cm2 and 
0.2 cm2, respectively, were about 0.7 kΩ and 4 kΩ for the EIS and EISOI structures. The RRE 
is in the range of 5-10 kΩ. Thus, the frequency-dependent C-V curves of the EIS structure will 
mostly be affected by the series resistance of the reference electrode. In contrast, due to the 
higher resistivity and smaller thickness of the top Si layer and the larger distance (2 mm) be-
tween the Al-Si contact and gate electrolyte region, the frequency-dependent C-V curves of an 
EISOI structure will mostly be affected by the large lateral resistance RSi, resulting in a 
stronger frequency dependence, compared to the EIS capacitor.  
Similar to EIS or MIS devices in the depletion region, the total capacitance of the EISOI 
structure can be modeled as a series connection of Ci and the depletion capacitance, Csc. The 















As the total capacitance decreases with increasing the gate voltage (see Fig. 4.9), the meas-
ured Cm will get closer to the real value of the capacitance of the EISOI structure. The mini-
mum value of capacitance (Cmin) is usually defined by the maximum width of the depletion 













where εi and εs are the relative dielectric permittivity of SiO2 (3.9) and Si (11.9), and di is the 
thickness of the gate insulator. In our capacitive EISOI sensor array, the thickness of the top 
Si (dSi= 350 nm) is smaller than the maximum depletion width (0.8-1 µm [Sze81]), therefore, 
the top Si is fully depleted (see Fig. 4.10b), and Csc= εs/dSi (the maximum width of the deple-
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tion layer in the top Si layer is limited by the Si thickness). In the experiments performed in 
the study, the maximum depletion width will be defined by both the width of the lateral deple-
tion layer and the thickness of the top Si layer due to the formation of an additional lateral 
depletion layer (see Fig. 4.10b). 
•  Second observation: In contrast to an EIS sensor, which shows a typical high-
frequency C-V characteristic already at f>0.5-1 kHz (see Fig. 4.9a), it was not possible 
to achieve the high-frequency C-V behavior in the inversion region for EISOI sensors 
at a frequency of f=1 kHz (see Fig. 4.9b) and even at higher frequencies (up to 8 kHz, 
not shown). The following two mechanisms could be responsible for such a C-V behav-
ior of EISOI structures: 
• It is known, that the frequency response of MIS capacitors in the inversion region 
depends on the rate (or response time) at which minority carriers (in our structures, 
electrons) can be supplied to, or removed from, the inversion layer. If the response 
time of the minority carriers is fast at high frequencies, the supply of charge carriers 
to the inversion layer is sufficiently rapid and therefore, the inversion charge can 
follow variations of the applied ac voltage. It has been demonstrated that in high-
resistivity Si, the minority carriers respond much faster than in low-resistivity sub-
strate [Ron03, Lun06, Est96, Nico82]. In our experiments, the resistivity of the top 
nanoplate Si in the EISOI structures is several times higher than that of the bulk Si 
substrate in EIS structures. As a consequence, even at high frequencies, the C-V 
curve of EISOI structures in the inversion region possesses a low-frequency behav-
ior.  
• Another explanation could be the relatively small gate-contact area (0.19 cm2) of 
the EISOI structures with the electrolyte solution, while the SiO2 layer covers prac-
tically the whole top Si surface besides the Al contacts. As it has been discussed 
[Cobb70] for p-type FEDs, where the oxide layer extends over an area greater than 
the gate-contact area, the transition frequency between the low and high frequency 
C-V characteristics can be very high.  
 
4.3 Electrochemical characterization of EIS and EISOI sensors 
 47 
 
Fig. 4.11: C-V curves of the four EISOI sensors on the same chip measured in pH 7 buffer solution at a frequen-
cy of 30 Hz. 
 
Fig. 4.11 shows exemplary C-V curves of all four EISOI sensors on the same chip recorded in 
pH 7 buffer solution at a frequency of 30 Hz. As can be seen, the maximum capacitance val-
ues of the sensors in the array in the accumulation range differ from each other. This can be 
attributed to discrepancies of the top Si [Sze81], SiO2 layer thickness and/or different quality 
of the top Al/Si contacts.  
4.3.2 Impedance spectroscopy 
The impedance spectra for both developed capacitive EIS sensor and nanoplate EISOI sensor 
array were recorded in the accumulation, depletion and inversion ranges by applying different 
polarization voltages (see Fig. 4.12).  
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Fig. 4.12: Impedance-spectroscopy curves of an EIS (a) and an EISOI (b) sensor at different applied voltages. 
 
As an example, Figure 4.12a shows the impedance spectra of an EIS sensor recorded at polar-
ization voltages of -2, -0.4 and 0.5 V. The impedance spectra of an EISOI structure recorded 
at applied gate voltages of -4, -0.97, 0.3 and 2 V are presented in Figure. 4.12b. 
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For both structures, a linear behavior is observed at frequencies above 40 kHz which bends 
over to a plateau of constant impedance at lower frequencies (<10-15 kHz). Such behavior of 
the impedance curve can be due to the existence of a series resistance. The impedance value 
in the plateau range is about 22 and 11 kΩ for the EISOI and EIS structure, respectively, veri-
fying the higher series resistance of the EISOI structure discussed in section 4.3.1. 
The stronger deformation of the C-V plots in the accumulation region by the series resistance 
in the frequency range of 100 Hz - 3 kHz makes the impedance of the EISOI structure in the 
accumulation region (at VG = -4 V) higher than in the inversion region (at VG = 2 V). Howev-
er, at very low frequencies (<30 Hz), the impedance of the EISOI structure in the accumula-
tion range becomes equal to the impedance in the inversion range, which can be attributed to 
the low-frequency C-V behavior of the structure. These observations are in good agreement 
with the measured C-V curves of the EISOI structures [AbMor11]. 
4.3.2.1 Simulation of the electrical equivalent circuit 
The equivalent circuit model introduced for the EIS and EISOI structures (Fig. 4.8) in com-
posed of several discrete elements. As mentioned in section 4.3.1, the equivalent circuit can 
be simplified as demonstrated in Figure 4.10. The simplified model consists of several ele-
ments. The values of the “passive” elements in the circuit are almost constant and they do not 
depend on the applied voltage or frequency. In contrast, the values of the “active” elements 
varied with the change of applied voltage or frequency. In general, the values of the passive 
electrical elements included in the equivalent circuits can be calculated by knowing their ge-
ometry. The defined value of the passive elements can be used in a fitting program (as fixed 
value) to find out the values of the “active“ elements, which cannot be easily calculated or 
measured. The passive elements for the EIS and EISOI structures have been defined as fol-
low: 
RRE: The value of RRE in the model includes also the electrolyte resistance. The resistance 
of the electrolyte is about 100 Ω, which is defined by the salt concentration of the 
electrolyte used for the measurements that is negligible in comparison to the value of 
the reference electrode resistance. The resistance of the reference electrode is about 11 
kΩ for both EIS and EISOI structures. 
Rc: Using the Al-Si specific-contact resistance of (Rsp~700-800 Ωcm2) and the Si-Al con-
tact area for the EIS (1 cm2) and EISOI (0.2 cm2) structures, Rc (Rsp /A) has been cal-
culated, namely ~0.7 kΩ and ~4 kΩ for the EIS and EISOI structures, respectively.  
Cox: As shown in section 2.1, the theoretically calculated Cox is about 75 nF and 22 nF for 
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the EIS and EISOI structures, respectively. 
 
The values of the “active“ electrical elements, which depend on the applied voltage and Si 
properties, was estimated using the “Zview” program in the fitting mode. The “active“ ele-
ments in the EIS and EISOI structures are as follow: 
 
Rsc: Rsc is the resistance of the space-charge region. In the equivalent circuit for strong 
accumulation as well as in the depletion condition, it can be neglected, because 
ω.Csc>>1/Rsc. For this reason, it is not included in the equivalent circuit [Nico82, 
Sze81]. 
Rsi: The value of the Si bulk-resistance depends on the resistivity of the Si substrate and 
the geometry of the structure. The series resistance Rsi (bulk resistance) represented by 
the high-resistivity substrate consists of a resistance due to the volume directly under 
the area of the upper electrode of the capacitor, which can be estimated as 
A
LRsi .~ ρ , 
where ρ  is the resistivity of the substrate, L its thickness and A the area of the capaci-
tor [Est96, Nico82]. Therefore, in the case of EISOI structures, the lateral Rsi is bigger 
than that of EIS sensors as explained in section 4.3.1 (see Fig. 4.10). 
Csc: The value of the space-charge capacitance especially in the depletion region extremely 
depends on the value and polarity of the applied voltage. As it is an “active” element 
in the structure, it was given free for the fitting program. 
 
Using defined fixed values for the passive elements in the equivalent circuit and fitting pro-
gram, the values of the “active“ elements, namely Rsi and Csc have been suggested using the 
“Zview” software in the fitting mode. The values of the equivalent circuits parameters of IS 
characteristics of the EIS and EISOI structures in the depletion region are summarized in Ta-
ble 4.1. The measured and the simulated/fitted Bode diagram of the EIS and EISOI structures 
using the presented equivalent circuit (Fig. 4.10) in the depletion region at different frequen-
cies (from 10 Hz to 1 MHz) are demonstrated in Fig. 4.13a and 4.13b, respectively. 
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Tab. 4.1: Values of the equivalent-circuit parameters used for the simulation/fitting of IS characteristics of an EIS 
sensor (at -0.4 V) and EISOI sensor (at 0.3 V) in depletion area. 
 )( Ω+ kRR eRE  )( ΩkRc  )( ΩkRSi  )(nFCsc  )(nFCi  
EIS 11 0.7 0.5 150 75 
EISOI 11 4 5 17 22 
 
The results in Table 4.1 show a higher bulk resistance for the EISOI structure (5 kΩ) in com-
parison to that of the EIS structure (0.5 kΩ), which has been expected and explained by the 
higher resistivity of the Si substrate and the geometry of the EISOI structures, previously. The 
validity of the results obtained by fitting program was proven as follow: The values of Csc, 
which are obtained from the fitting program for the space-charge capacitance at -0.4 V (for 
EIS sensor) and at 0.3V (for EISOI sensor) was used to calculate the total capacitance (C) of 
the structures at these specific applied voltages (C is the series combination of Csc and Ci). 
The calculated total capacitance for the EIS and EISOI structures are C (-0.4 V)= 50 nF and C 
(0.3 V)=9.5 nF, respectively. The experimentally measured total capacitance of the EIS (at -
0.4 V) and EISOI (at 0.3 V) structures can be read out from the C-V curves (see Fig. 4.9), 
namely ~40 nF for the EIS and ~10 nF for the EISOI sensor.  
The results from fitting data are in good agreement with that of the experimentally measured 
C values at the above mentioned applied bias voltages (see Fig 4.9a and Fig. 4.9b). It con-
firms the validity of the developed equivalent circuit for the EISOI structure and the predic-
tions about the effect of the “active” elements of the structure on its C-V and impedance spec-
troscopy characteristics. 
 
4 Fabrication and characterization of EIS and EISOI sensors 
 52 
 
Fig. 4.13: Measured and simulated Bode diagram of an EIS sensor (-0.4 V) (a) and an EISOI structure (0.3 V) at 
depletion region. 
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4.3.3 pH sensitivity 
In this work, bare EIS and EISOI sensors with a SiO2 gate insulator were used for pH control 
(see also Fig. 4.14), realization of an enzyme-based penicillin sensor and as a reference sensor 
for DNA hybridization/denaturation detection in the differential mode setup. 
 
Fig. 4.14: Typical ConCap responses for an EIS sensor (a) and a 4-channel EISOI sensor array (b) measured in 
buffer solutions with different pH values from pH 3 to pH 11. 
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To determine the pH sensitivity of the sensors, about 1.2 ml working buffer (Titrisol buffer) 
was applied to the gate surface of the sensors and the output signals of the EIS sensors and 
EISOI sensor array (four sensors in an array simultaneously) were recorded.  
As an example, Figure 4.14 depicts the typical dynamic ConCap response for an EIS sensor 
(a) and a 4-channel EISOI sensor array (b) in buffer solutions with different pH values from 
pH 3 to pH 11. The bare EIS sensor and all four sensors in the array show a nearly identical 
ConCap behavior with an average pH sensitivity of ~37 mV/pH, which is in good agreement 
with pH-sensitivity values for SiO2 layers reported in literature (34-40 mV/pH) [Hal96, 
Hal95, BergSib88; PogSchg06]. The mechanism of the pH sensitivity of oxide surfaces is 
usually explained using the site-binding model [Yate74], which has been explained in chapter 
2.3.2. According to this model, the presence of hydroxyl groups at the oxide surface results in 
pH-dependent changes of the surface charge, thus, modulating the space-charge capacitance 
of the EIS and EISOI sensors, respectively. 
 
In the following part of this work, the physically and electrochemically characterized EIS and 






5 Detection of PEM build-up using capacitive EIS sen-
sors 
This chapter mainly deals with the detection of formation of PEMs (as a model system for 
planar-like molecular layers) on capacitive EIS sensors. The first section is a theoretical study 
of the change of the sensor’s surface potential via PEM formation. It includes the effect of 
distance between the charged molecular layer and sensor surface as well as the ionic strength 
of the surrounding electrolyte on the sensor’s surface potential. All simulations in this chapter 
are calculated and plotted using “Origin” software (version 8). 
In the experimental part, the formation of PEMs ((PAH-PSS)n) on the surface of EIS sensors 
was systematically investigated using physical and electrochemical characterization methods. 
Thickness, surface morphology, roughness and hydrophilicity of the PE mono- and multi-
layers have been physically characterized by ellipsometry, SEM, AFM and water contact-
angle (CA) methods, respectively. For electrochemical characterization of the PEMs build-up, 
C-V, ConCap and IS methods were applied. The effect of ion concentration of the solution, 
polyelectrolyte concentration, buffered/unbuffered solution, number and polarity of the PE 
layers on the characteristics of the functionalized EIS sensors with PEMs was studied. In ad-
dition, the pH and ion sensitivity of the sensors functionalized with mono- and multilayers of 
PE were investigated. Based on these experiments, the validity of a developed theoretical 
model is discussed. Finally, a new strategy for enhanced field-effect-based biosensing using 
PE layers was introduced. This chapter contains results that are partially published in scien-
tific journals [AbPog09, AbPog10, PogAb06, PogAb07, PogAb08, PogIn07, SchgAb09]. 
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5.1 Electrostatic model for PEM formation 
Field-effect-based capacitive EIS sensors allow the determination of the change of the surface 
potential and surface charge at the insulator/electrolyte interface (see Eq. 2.4 and Eq. 2.5). As 
polyelectrolytes are polyions which are charged in aqueous solutions, their adsorption, deposi-
tion or binding on the sensor surface changes the sensor’s surface potential that results in the 
modulation of the capacitance of the structure. The total capacitance of the EIS structure, 




























where Ceff is the effective gate capacitance of the EIS structure modified with a PE layer, CPE 
is the capacitance of the PE layer that adsorbed on the insulator surface, and PEs−ψ  is the po-
tential at the electrolyte/gate interface after the PE adsorption (see Fig. 5.1). If iPE CC >>  (be-
cause of very thin PE layer or larger PE dielectric constant in comparison to that of the SiO2 
layer), the capacitance of the PE layer can be neglected in the circuit, which results to
ieff CC = . 
The capacitance change of the whole structure via adsorption of the PE layer modulates the  
C-V curve and the output signal of the EIS sensor. Generally, the flat-band voltage of an EIS 
system is given by Eq. 2.5. In this equation, all terms can be considered as constant expect for 
sensor’s surface potential, which is a function of pH, ion or analyte concentration as well as 
charge of adsorbed molecules. As a first approach for the EIS device covered with PE layer, 
the shift of the flat-band voltage ( fbV∆ ) can be considered as a change of the potential at the 
gate/electrolyte and/or gate/PEM interface: 
 
)()( PEPEssfb ffV ψψψ −≅−≅∆ −  (5.3) 
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where, sψ , PEs−ψ  and PEψ  are the gate/electrolyte, gate/polyelectrolyte and polyelectro-
lyte/electrolyte interface potentials, respectively.  
 
Fig. 5.1: Schematic of an EIS sensor functionalized with PE layers and simplified electrical equivalent circuit. 
 
Beyond this, the output signal of the EIS sensor ( fbV∆ ) is a function of PEψ . Using the sim-
plified Grahame equation (Eq. 2.10), the surface potential of a PE layer with a defined charge 







        
The electrostatic surface potential of the charged layer is proportional to the charge density of 
the molecular layer ( PEσ ) and the Debye screening length of the surrounding electrolyte 
( Dλ ). 
Figure 5.2 shows the calculated relationship between PEψ  and PE layers surface charge (with 
different surface charge densities, from 1015 to 1020 charged groups/m2) for different concen-
trations of monovalent salt (10-4-1 M), using (Eq. 5.4). Decreasing the salt concentration in 
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the electrolyte leads to increasing of the Debye length (decreasing of the screening effect of 
counter ions in solution on the surface charge) and a higher surface potential. 
 
Fig. 5.2: Surface-charge density and surface potential of a PE layer as a function of number of charged groups 
per surface area in electrolyte solutions with different monovalent salt concentration (using Eq. 5.4 and “Origin” 
software). 0c : Concentration in electrolyte. 
 
Via LbL build-up of PEM (planar-like formation) on the surface of an EIS structure, the dis-
tance between the terminated PE layer and sensor surface increases, which influences the sen-
sor response. The potential distribution of a PE layer ( )(xPEψ ) with a distance x  from the 





−= .)( ψψ  (5.5) 
 
The potential decreases exponentially. The decay length is given by x  and Dk λ/1=  (see sec-
tion 2.3.1). Figure 5.3 demonstrates the plotted potential distribution as a function of distance 
in electrolytes with different ion concentrations (10-1-10-3 M) for a charged surface with a 
charge density of 3 × 1017 ionized groups/m2 (using Eq. 5.5). 
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Fig. 5.3: Potential versus distance for a surface with a charge density of 3 × 1017 ionized group/m2 in solutions 
with different ionic strength (using Eq. 5.5 and “Origin” software).  
 
A model of the functionalized SiO2 surface with multilayers of positively and negatively 
charged polyelectrolytes and system parameters is demonstrated in Figure 5.4. 
This model introduces three regions: 
• PEM/electrolyte interface (region 1); 
• PEM (region 2); 
• SiO2/PEM interface (region 3). 
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Fig. 5.4: Definition of the model parameters and sketch of a typical potential distribution in the 
Si/SiO2/PE/electrolyte system for the negatively and positively charged outermost PE layer. For the screening 
lengths inside the PEM that are comparable to the PEM thickness, the variation of electrostatic potential from the 
terminating PE layer and from the sensor surface overlap inside the PEM structure as shown in the figure. On the 
contrary, for screening lengths mk/1  that are much shorter than the PEM thickness mx , the potential variations 
inside the PEM take place only close to 0=x  and mxx =  boundaries and there exists a bulk of PEM structure, 
where the potential is nearly zero. 
 
The potential at the PEM/electrolyte interface after adsorption of the nth layer of polyelectro-
lyte )( nPE−ψ  can be calculated, using Equation 5.4, by a given nPE−σ  and the concentration of 
electrolyte. The effect of potential change at PEM/electrolyte interface should be reflected via 
the PEM on SiO2/PEM interface, to be detected by the EIS sensor. 
In this model, the PEM interior is considered as a fully charge-compensated electrolyte medi-
um of thickness mx ~ PEn  (number of adsorbed layers) × PEd  (thickness of each layer) con-
taining some concentration of mobile ions. The screening effects inside the PEMs originate 
both from small mobile ions trapped inside the multilayer structure and from partially mobile 
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charges on the adsorbed PE chains. The concentration of the mobile ions in the PEM ( mc ) is 
100 to 1000 times lower than the concentration in the electrolyte ( 0c ) [NefWu07b, Schf03a].  
The variation of the sensor’s surface potential ( PEs−∆ψ ) upon consecutive adsorption of posi-
tively and negatively charged PE layers in consideration of ionic strength of the electrolyte as 
well as distance of adsorbed layer to the sensor surface is predicted from the combination of 
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where, mk/1  represents the screening length in the PEM (due to the ion concentration in the 
PEM). 
Simulations of potential oscillation on the sensor surface ( PEs−∆ψ ) upon adsorption of PE 
layers from solution with different ionic strength as a function of layer number and layer 
thickness (using Eq. 5.6) are presented in Fig. 5.5a and Fig. 5.5b, respectively. The potential 
on the sensor surface becomes more positive upon PAH adsorption and it turns more negative 
when the outermost adsorbed layer is PSS. The influence of the charge of the terminating PE 
layer thus “propagates” towards the sensor surface. It was obtained that for longer Debye 
lengths in the electrolyte solution the potential amplitudes PEs−∆ψ  are larger and the poten-
tial value reaching the sensor surface decays slower with the number of PE layers adsorbed 
PEn . 
It should be noticed here that in contrast to zeta-potential measurements of PEMs, where the 
potential at the PE/electrolyte interface is determined, FED devices detect the potential 
changes at the PEM/gate-insulator interface. The latter strongly depends not only on the 
amount of surface charges of the terminating PE layer but also on the charge distribution and 
screening effects within the PEM. This might be the reason why electro-kinetic studies on 
PEMs’ zeta-potential measurements [ScSchf02] showed almost no change in the amplitude of 
the detected alternating potential over a large range of deposited PE layers. 
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Fig. 5.5: Simulated potential variations on the sensor surface with a charge density of 3 × 1017 ionized groups/m2 
(using Eq. 5.6) upon repetitive adsorption of positively and negatively charged PE layers (a) and distance from 
the surface (b).  
5.2 Physical and electrochemical characterization of PEM build-
up 
5.2.1  LbL deposition of PEM on EIS sensors 
For the PEM deposition, the surface of the capacitive EIS sensors was first cleaned in a 5% 
Hellmanex (Hellma, Germany) solution for 5 min followed by rinsing with distilled water and 
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drying with nitrogen. Then, the surface of the sensors was cleaned and activated by treatment 
in oxygen plasma (45 s, 100 W). The build-up of PEMs on the sensor surface was achieved 
using the LbL technique by consecutive adsorption of PAH and PSS (with molecular weight 
of Mw∼ 70,000, Sigma Aldrich). In order to find out the role of the PE-solution composition 
on the PEMs formation and the sensor-output signal, the PEMs were deposited on the sensor 
surface from unbuffered PE solutions with different PE (10 µM and 50 µM PAH or PSS) and 
salt (1 mM, 10 mM, and 100 mM NaCl) concentrations as well as in a 1 mM phosphate buffer 
solution, containing 100 mM NaCl. During the experiments, the EIS sensors were consecu-
tively exposed to the respective PE solution for a time necessary for the adsorption of a single 
monolayer (usually 3-5 min), followed by rinsing with a solution of the same salt concentra-
tion and pH value as the respective PE solution or with ultrapure water before exposing to the 
next PE solution without any drying steps (for electrochemical characterization) or with dry-
ing steps (for physical characterizations). These procedures were repeated until the desired 
number of layers was achieved. The pH value of all solutions used was adjusted to pH 5.4. 
Here, the surface of SiO2 is negatively charged, thus the PEM formation was started with pos-
itively charged PAH. The pH value and conductivity of PE solutions were controlled with a 
Mettler-Toledo MPC227 pH/Conductivity Meter.  
5.2.2 Determination of multilayer thickness, morphology and hydrophilicity  
As a basis for future study of PEM build-up detection using EIS sensors, it is necessary to 
physically characterize the system that gives information about the step-by-step change of the 
thickness and morphology of the molecular film after adsorption of each PE layer. To investi-
gate the effect of PE concentration, ionic strength of the solution and the number of PE layers 
on the thickness of the PE layers, the PEMs with up to thirteen bilayers of (PAH-PSS) were 
prepared from a 10 and 50 µM PAH or PSS solutions with different salt concentration. After 
the adsorption of each PE layer, the samples were rinsed with water and dried in a nitrogen 
stream. The thickness of the PEMs was controlled after each adsorption step by imaging ellip-
sometry (EP3, Nanofilm, Germany). The average thickness per monolayer deposited from 50 
µM PE solutions with 100, 10, and 1 mM NaCl was 2±0.2, 1.3±0.1, and 0.6±0.1 nm, respec-
tively. This tendency of the layer thickness decreasing with lowering the salt concentration is 
consistent with the results reported [Schf03b, Nef06], and can be explained by the fact that 
electrostatic forces responsible for the complexation of oppositely charged PEs and subse-
quent PEM formation are stronger in electrolyte solutions with a lower ionic strength (see 
section 3.1). The average thickness per monolayer prepared from 10 and 50 µM PE solutions 
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containing 100 mM NaCl was nearly the same of about 2 nm, indicating that there is no influ-
ence of PE concentration on the PEM thickness (at least in the range of PE concentration used 
in this study). Moreover, no influence of the number of layers on the thickness of each ad-
sorbed layer has been observed and the thickness of the PEMs increased linearly with the ad-
sorption of PE layers, which is in good agreement with reported results in literature [Schf03b, 
Nef06, Han06, Bos04]. 
In addition, AFM images were taken after the adsorption of each PE layer to gain a picture of 
how the morphology of PEMs evolves during the multilayer build-up. Tapping mode liquid-
cell AFM images were obtained in 0.1 M NaCl, pH 5.4, using a Digital Instrument AFM with 
Nanoscope IV controller and multimode base (Veeco Instruments, USA). The scan size was  
1 µm × 1 µm. The morphology and roughness of the PE mono- and multilayers were obtained 
from the height images. The surface roughness was quantified using the root-mean-square 
value, Rms, and the surface-area difference. As an example, Figure 5.6 shows AFM images of 
a bare SiO2 surface (a) and a SiO2 surface with the adsorbed (PAH-PSS)5-PAH multilayer (b), 
and height profiles along the lines indicated in the scan images (c) and (d). For a better com-
parison between the samples, the z-axis displaying the height was scaled to 20 nm. The aver-
age roughness of the bare SiO2 estimated from the AFM-height images was approximately  
0.2 nm. The roughness increased with the number of adsorbed PE layers and the value of  
Rms = 6 nm was obtained after the adsorption of a (PAH-PSS)5-PAH layer similar to reported 
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Fig. 5.6: Liquid-cell AFM images of a bare SiO2 surface (a) and a SiO2 surface with the adsorbed (PAH-PSS)5-
PAH layers. Scan size is 1 µm×1 µm. The figures (c) and (d) below the images are height profiles (section 
graphs) along the lines indicated in the scan image. For better comparison between the samples, the z-axis dis-
playing the height was scaled to 20 nm for all images and height profiles. The greyscale of the images was ap-
plied as 20 nm corresponding to 256 grey values. [Frank Amberger’s diploma thesis, FH Aachen, 2006]. 
 
Moreover, SEM images visualize the change of the sensor-surface morphology via the PEMs’ 
formation. Fig. 5.7 demonstrates an SEM picture of the SiO2 surface covered with one PAH 
layer (a) and eleven PE layers (b) deposited, from a PE solution of 50 µM PAH or PSS, con-
taining 100 mM NaCl. These figures illustrate that both the roughness and morphology of the 
sensor surface change upon the PEM formation. A pretty irregular surface of PEMs emerges 
after deposition of eleven PE layers. Progressive build-up of PEM thickness roughness is like-
ly due to a stronger coiling of the PE chains adsorbed for higher numbers of deposited PE 
layers.  
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Fig. 5.7: SEM picture of the p-Si/SiO2 (30 nm) structure functionalized with one PAH layer (a) and multilayer of 
(PAH-PSS)5-PAH prepared in 100 mM of NaCl and 50 µM of PE solution (b).  
 
Furthermore, the hydrophilicity of the sensor surface as prepared and after deposition of 
mono- and multilayers of PE has been studied by water contact-angle measurements.  
Figure 5.8 depicts results of the water droplet (5 µL) contact-angle measurements on PEM 
films with different number of PAH/PSS bi-layers prepared from PE solutions with 1 and 100 
mM NaCl. After the adsorption of each PE layer, the sensor surface was rinsed in water and 
dried for 5 minutes in nitrogen atmosphere. For a freshly cleaned SiO2 surface, the measured 
contact angle was nearly 0°. The adsorption of a first PAH layer increases the contact angle up 
to 45-55°, whereas by adsorption of a second layer (PSS) the contact angle decreases down to 
38-45°. Moreover, the contact angle measured on the PEM surface with negatively charged 
PSS as outermost layer was always lower than that with previous positively charged PAH 
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layer as outermost layer. This shows the influence of the outermost PE layer on the wetability 
of the surface and it is in good agreement with results reported in literature [YoSh98].  
A drastic decrease of the contact angle with increasing the layer number has been observed. 
This study is in contrast to results reported in [YoSh98], where the samples have been dried in 
90 °C for 1 h and stored in room temperature for 1 day before contact-angle measurements. 
The decreasing could be explained by the presence of water molecules in the prepared PEMs 
in this work. 
 
 
Fig. 5.8: Water contact angle vs. layer number of the PEM prepared from PE solution with different NaCl con-
centrations.  
 
The water contact angles of PEMs prepared in a 100 mM NaCl solution were slightly but sys-
tematically smaller than those prepared in a 1 mM NaCl solution. This could be attributed to 
the changes in morphology and the increase in the surface roughness of PEMs prepared in 
solutions with a higher ionic strength.  
In this part of the Ph.D. thesis, physical characterization methods have been used to gain in-
formation about the PEM build-up on EIS sensors and the parameters, which can influence 
the PEM characteristics (e.g., thickness and porosity, morphology). In the next section, the 
PEM formation was studied by means of field-effect EIS sensor using C-V, IS and ConCap 
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methods. The results will show the possibility of using such sensors as an alternative cost-
effective tool for the full characterization of the PEMs’ build-up.  
5.2.3 Electrical monitoring of PEM build-up  
For dynamic monitoring of PE adsorption on the sensor surface and in order to find out the 
time necessary for the adsorption of each layer, the measurements were done in the ConCap 
mode (Fig. 5.9). Here, the capacitance of the EIS sensor is kept constant with the use of a 
feedback-control circuit that allows a direct dynamic recording of potential changes during 
the PE adsorption and PEM build-up (see section 4.2). The bare EIS sensor was first equili-
brated in electrolyte solution. After obtaining a stable sensor signal, the certain amount of 
high-concentrated PAH solution (pH 5.4) was injected to the electrolyte (100 mM NaCl) to 
adjust the PE concentration in the electrolyte to 50 µM. The sensor response decreased imme-
diately (~52 mV), which can be attributed to the change of the sensor surface-charge due to 
PAH adsorption on the sensor surface. The sensor response was recorded (~20 min) till no 
change in the potential was observed (no more adsorption), then the measurement was inter-
rupted and the sensor surface was washed with electrolyte to remove not completely adsorbed 
PAH from its surface. The same procedure was repeated for adsorption of PSS on the PAH 
layer. The results showed that 98% of the signal change due to the adsorption of each PE layer 
took place in the first 3 min and was very fast. The results clearly demonstrate the felicitous 
use of EIS sensors for PEM-formation detection. Nevertheless, the results of this experiment 
are not enough to answer the questions about the exact mechanism of signal generation and 
possible system parameters that influence the EIS-output signal. Therefore, the subject of the 
next section is the study of the EIS sensor response as a function of adsorbed PE layers. 
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Fig. 5.9: ConCap response of the EIS sensor upon PAH and PSS adsorption measured at 100 Hz. E: electrolyte 
solution.  
 
5.2.3.1 Effect of PE-layer number on sensor response 
EIS sensors covered with mono- and multilayers of PAH/PSS have been characterized by 
means of C-V, ConCap and IS methods using an impedance analyzer (see section 4.2).  
The C-V curves for a p-type EIS structure as prepared and after the adsorption of each posi-
tively charged PAH and negatively charged PSS layer from the PE solution of 50 µM PAH or 
PSS, 100 mM NaCl are shown in Figure 5.10a. Similar to the bare EIS structure and depend-
ing on the magnitude and polarity of the applied GV , three regions in the C-V curve, namely 
accumulation, depletion and inversion, can be distinguished. As can be seen, the existence of 
an additional PE layer shifts the C-V curves of the original EIS structure along both the capac-
itance and voltage axis. The changes in the maximum (or geometrical) capacitance in the ac-
cumulation range of the C-V curve were very small only amounting to about 1.5-2 nF (<2.5-
3%). Taking into account Eq. 5.2, this indicates that CPE is much higher than Ci.  
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Fig. 5.10: C-V curves for a capacitive p-Si/SiO2 EIS sensor as prepared and after adsorption of each polyelectro-
lyte layer (a) and zoomed graphs of the capacitance (b) and potential (c) changes in the depletion region as a 
function of the PE-layer number. The maximum number of adsorbed PE layers was 18. 
 
If the adsorbed layers are considered as a homogeneous dielectric film of defined thickness 
and dielectric constant, changes in the geometrical capacitance due to the additional 18 PE 
layers should be much higher, which was not the case in this experiment. This is probably due 
to the incompletely dense as well as porous structure of the adsorbed PE multilayer containing 
a large amount of water molecules and small ions. 
For sensor applications, the most interesting part of the C-V curve represents the depletion 
region. In contrast to the accumulation range, the capacitance changes as well as shifts in the 
C-V curves along the voltage axis in the depletion region (∼60% of the Cmax) have alternating 
character (see Figs. 5.10(b) and (c)). Incidentally, the direction of these shifts depends on the 
sign of the charge of the outermost or terminating PE layer. This indicates that the molecular 
layer may also induce an interfacial potential change resulting in a change in the flat-band 
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voltage of the EIS structure. Moreover, it was observed that both the capacitance and the po-
tential shifts have the tendency to decrease with increasing the number of PE layers 
[Abpog09, PogAb06, PogAb07, PogIn07, PogAb08]. For example, potential shifts decrease 
from 50-53 mV for an EIS structure with one to two PE layers to 10-6 mV and 2-3 mV for an 
EIS structure with 8 to 10 and 17 to 18 PE layers, respectively. Figure 5.10 shows a distinct 
decrease of the capacitance and potential shifts with increasing the number of layers deposit-
ed. A similar effect has been observed for field-effect thin-film resistors [NefNa06, NefWu06] 
and EIS sensors with nanocrystalline diamond as sensitive-gate material [AbPog09, 
AbPog08a] functionalized with PE multilayers. 
Beside the C-V method, impedance spectroscopy is a useful tool for electrochemical charac-
terization of modified/functionalized EIS sensors (see e.g., [PogAb08, Abd06, KraMor06, 
Bar05, Ben06, PogMa04, Hou06]). Figure 5.11(a) shows Bode plots in the accumulation and 
depletion regime for an EIS structure as prepared and functionalized with PE mono- and mul-
tilayers. Similar to the C-V curves, IS plots in the depletion region have an alternative charac-
ter. This can be clearly recognized from the zoomed Figure 5.11(b), where the impedance val-
ues at a frequency of 100 Hz (100 Hz are chosen to compare the results with C-V 
measurements in Figure 5.10) are depicted as a function of the layer number. In contrast to the 
accumulation region, where practically no changes in the impedance of a functionalized EIS 
structure have been observed, the impedance in the depletion region depends on both the layer 
number (with a tendency to decrease with increasing the number of PE layers) and the sign of 
the charge of the terminating PE layer, which is a consequence of the change in the depletion 
capacitance. 
In further experiments, the adsorption of PE layers was monitored in electrolyte solution (af-
ter rinsing step) by means of dynamic ConCap measurements. In this experiment, the bare 
EIS sensor was first equilibrated in electrolyte solution. After obtaining a stable sensor signal, 
the measurement was interrupted and the PAH solution was applied to the sensor for 5 min. 
This was followed by rinsing the measuring cell and sensor surface with electrolyte solution, 
and ConCap measurements were performed in electrolyte (100 mM NaCl, pH 5.4) for about 3 
min. In the next step, the PSS solution was applied to the sensor surface for 5 min, and after 
the cleaning step the ConCap response was recorded in electrolyte for about 3 min again. The 
same procedure was done for each adsorbed PE layer.  
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Fig. 5.11: Bode plots in accumulation and depletion regions for an EIS structure as prepared and functionalized 
with the PE mono- and multilayers (a) and impedance values in accumulation and depletion region at a frequen-
cy of 100 Hz as a function of the PE-layer number (b).  
 
Figure 5.12 shows an example of ConCap response of the EIS sensor during the deposition of 
seven bi-layers from the PE solution of 50 µM PAH or PSS, 100 mM NaCl. The ConCap 
measurements also reveal alternating changes in the sensor signal upon adsorption of each 
polycationic and polyanionic layer, correlated with the charge sign of the terminating PE lay-
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er. This shows a good agreement with results achieved by C-V measurements. The adsorption 
of the PAH shifts the sensor signal in the direction as if additional positive charges emerge on 
the SiO2 surface. This corresponds to a more negative sensor signal in Figure 5.12 due to the 
feedback control in the ConCap mode. In contrast, the adsorption of PSS shifts the potential 
towards the direction corresponding to a more negatively charged gate surface. Such an alter-
nating behavior of the ConCap response has been observed during all experiments on PEM 
build-up, independent of the PE and salt concentration or buffered/unbuffered solution.  
 
Fig. 5.12: ConCap response of the EIS sensor upon PAH and PSS adsorption measured at 100 Hz. 
 
The results of the experiments demonstrated that the output signal of the EIS sensor via for-
mation of PEMs is extremely affected by the number of PE layers. The output signal has the 
tendency to decrease by increasing the number of adsorbed layers and increasing the distance 
between the last layer and sensor surface. As all measurements using EIS structures for detec-
tion of charge macromolecules were performed in aqueous solutions containing ions, the 
screening and condensation of the molecular charge by counterions in solution is unavoidable. 
Therefore, the following section focuses on the study of the effect of ion concentration of the 
applied electrolyte on the EIS-output signal via the PEM formation. 
5.2.3.2  Effect of electrolyte concentration on sensor response 
In order to find out the role of ionic strength of PE solution on the sensor output signal, the 
PEM were deposited from a 50 µM PE solution with different NaCl (1 mM, 10 mM, and 100 
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mM) concentrations. Figure 5.13 summarizes the potential shifts as a function of the PE-layer 
number evaluated from C-V and ConCap curves of p-Si/SiO2 sensors using electrolytes with 
different ion concentrations (for each concentration six sensors have been characterized).  
Here, two important effects can be recognized: 
• The amplitude of the potential shifts decreases with increasing salt concentration. This 
can be attributed to the stronger screening of the PE charge of the terminating layer as 
well as inside the PEM by mobile ions with increasing the ionic strength of the solu-
tion. As a result, the electrostatic effect of the charge of the terminating layer on the 
gate-surface potential and therefore, on the sensor-output signal, will be diminished. 
• Up to the first several adsorbed bi-layers (dependent on the salt concentration), any dis-
tinct decrease of potential shifts with the number of layers deposited that is in agree-
ment with previous results [PogAb07, PogIn07, PogAb06] was not observed. Thereaf-
ter, the potential shifts have a tendency to decrease with increasing the number of 
adsorbed PE layers, whereas the decay is stronger and started early at a high salt con-
centration. For example, for the PEM deposited from a 100 mM NaCl solution, poten-
tial shifts decrease from originally 53-50 mV for an EIS structure with 1-2 PE layers to 
10-6 mV and 3-2 mV for an EIS structure with 8 to10 and 17 to18 layers, respectively. 
Due to the limitation of molecular charge detection using FEDs by the Debye screening-
length [Berg91] from the experimental results for the decay of the sensor signal upon PEM 
formation in Figure 5.13, the Debye lengths inside the PEMs ( )(mDλ ) can be expected to be 
almost equal to the PEM thickness, where no more signal was detected as a result of the fu-
ture adsorption of PE layers. For instance, for measurements in 100 mM NaCl solution (see 
Fig. 5.13), the Debye length was estimated to be ~26 nm (for 13 PE layers with a thickness of 
~2 nm for each layer). Using the expression for the screening length as a function of the ionic 
strength inside the PEM ( mI ) taken in Moles, )(
Å3
)( MIm
mD =λ , and assuming that the die-
lectric permittivity in the PEM interior is the same as in aqueous solution, and is independent 
on the electrolyte concentration, the ionic strength inside the PEM was estimated to be ~0.14 
mM in the case of a 100 mM bulk solution. The obtained value of ion concentration inside the 
PEM is then, about 1000 times less than that of the bulk-electrolyte solution. These extremely 
small ionic strengths inside the PEM are in agreement with several other experimental evi-
dences demonstrating that mobile electrolyte ions are almost entirely excluded from the PEM 
interior [Kli95,Nef06].  
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Fig. 5.13: EIS sensor-response shifts upon PEM formation evaluated from C-V and ConCap measurements in 
different NaCl concentrations (1 mM, 10 mM, and 100 mM) at pH 5.4 (six sensors in each group). The PE con-
centration is 50 µM for all measurements. 
 
In addition to experimental observations, the potential-decay effect and its salt-concentration 
dependence was theoretically discussed in section 5.1 using the developed electrostatic model. 
This showed the decay of the sensor response connected to the different Debye lengths inside 
and outside of the PEMs as well the thickness of the PEMs prepared from the PE solutions 
with different salt concentrations (the higher the electrolyte concentration, the thicker the ad-
sorbed PE layer).  
To prove the validity of the introduced model in section 5.1, simulated and experimentally 
measured EIS sensor-output signals (Vfb) caused by the PEM build-up in electrolyte with ionic 
strength of 100 mM and 10 mM are demonstrated in Figures 5.14a and 5.14b, respectively.  
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Fig. 5.14: Simulated and experimental EIS-sensor responses (~∆Vfb) upon PEM build-up in electrolytes with ion 
concentration of (a) 100 mM and (b) 10 mM. 
For the simulations (using Eq. 5.6), two different values for the ion concentration inside the 
PEM, namely 1 mM and 0.1 mM were used. The result of simulation for an ion concentration 
inside the PEM of 1 mM is in good agreement with the experimental data. The results show 
the feasibility of EIS sensors for studying the PEM properties. 
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5.2.3.3 Effect of polyelectrolyte concentration on a sensor response 
To investigate the effect of PE concentration in solution on the sensor response (see  
Fig. 5.15), PEMs were prepared from PE solutions of 10 µM and 50 µM PAH or PSS, 100 
mM NaCl.  
The potential shifts evaluated from ConCap measurements after adsorption of each PE layer 
are shown in Figure 5.15. As can be seen, the PE concentration does not significantly affect 
the potential shifts suggesting a nearly identical amount of adsorbed PE on the gate oxide for 
both PE concentrations. This suggestion is supported by the fact that the average thickness per 




Fig. 5.15: Potential changes in the depletion region as a function of the PE-layer number evaluated from ConCap 
measurements in solutions with different PE concentration. 
 
5.2.3.4  Effect of using buffered and unbuffered solutions on sensor response 
The results obtained from the last sections demonstrate the feasibility of EIS structures for 
studying effects induced in field-effect sensors by the adsorption and binding of charged mac-
romolecules. Since the EIS sensors with SiO2 as gate material are pH-sensitive, this section is 
focusing on the study of the origin of the change in the flat-band voltage of the EIS structure 
via PEM formation and the reason for the induced effect in EIS sensors caused by the intrinsic 
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charge of adsorbed macromolecules and/or caused by the ion-concentration (including proton 
concentration) redistribution within the intermolecular spaces or in the multilayer. 
Therefore, the measurements and PEM preparation using buffered (PE: 50 µM, NaCl 100 
mM, PBS: 1 mM) as well as unbuffered (PE: 50 µM, NaCl 100 mM) solutions were applied. 
Figure 5.16a depicts the ConCap response of the EIS sensor upon adsorption of PAH and PSS 
layers prepared in 10 mM phosphate buffer solution of pH 5.4, with a background solution of 
100 mM NaCl. It was observed that the potential shifts are much smaller for the PEMs pre-
pared in pH-buffer solution and the potential oscillations decay much more rapidly with the 
number of adsorbed layers, as compared to PEMs formed from unbuffered solution (see  
Fig. 5.16b). With the buffer, the potential changes decay after 3-4 layers, while in unbuffered 
solutions the potential decay starts, after about 8-10 PE layers have been deposited. These 
measurements underline that PEM structures are permeable for protons that in turn influence 
quite dramatically the magnitude of the sensor response because the underlying SiO2 layer is 
pH-sensitive. 
The permeation of PEM structures to water molecules, small ions and protons has been re-
ported in literature [Ham00, Schf07, Kli06]. Moreover, it was found that the pH profile and 
absolute pH values inside the PEM film drastically depend on the charge/potential at the inter-
face between the outermost layer and electrolyte solution. In addition, the ionization degree of 
a weak PE such as PAH embedded in the layer was shown to oscillate with the net charge of 
the outermost PEM layer [Carr04]. Thus, it can be suggested that the local electric field 
emerged from the outermost PE layer redistributes protons (ions) in the PEMs, which in turn 
can change the local pH values on the SiO2 surface and nearby the PAH layers. As result, the 
EIS sensor with a pH-sensitive gate material detects both molecular charge and the redistribu-
tion of protons and alternating pH profiles inside the PEMs upon PAH/PSS adsorption.  
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Fig. 5.16: ConCap response of the EIS sensor upon polyion adsorption measured in buffer solution (a) and the 
potential shifts evaluated from the C-V and ConCap curves for p-Si/SiO2 sensors (3 sensors for each group) with 
PEMs in buffered and unbuffered solutions with 100 mM NaCl concentration at pH 5.4 (b). The PE concentra-
tion is 50 µM for all measurements. 
5.2.3.5 pH and ion sensitivity of functionalized EIS sensors with PEM 
In the present section, permeation of PEMs (with different layer numbers) to protons and so-
dium ions using EIS sensors (SiO2 as gate insulator) was investigated. As an example,  
Figure 5.17 demonstrates the pH response of modified EIS structures with (a) fourteen (PSS-
14) and (b) fifteen (PAH-15) PE layers.  
5 Detection of PEM build-up using capacitive EIS sensors 
 80 
 
Fig. 5.17: pH sensitivity of post-deposited PEMs: ConCap response of EIS structure with the 14th PSS14 (a) and 
15th PAH15 (b) layer as outermost layer. The measurements have been performed at a frequency of 1 kHz in 0.1 
M NaCl solution with different pH values from 4.6 to 7.3.  
 
The measurements were performed in 100 mM NaCl solution with different pH values be-
tween 4.6 and 7.3. The PE-modified EIS sensors show a clear dependence on the pH value of 
the solution. The average pH sensitivity of the sensor with the PSS-14 and PAH-15 layer as 
terminating layer was about 18 mV/pH and 21 mV/pH, respectively. A slightly higher pH sen-
sitivity of about 20 and 25 mV/pH was observed for an EIS structure with a PSS-8 and PAH-
11 terminating layer, respectively. Thus, the pH sensitivity slightly depends on the sign of the 
charge of the terminating layer (the difference between the pH sensitivity of the sensor with 
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PAH and PSS as terminating layer was about 3-5 mV/pH) as well as on the number of ad-
sorbed PE layers.  
These experiments confirm the high permeability of the PAH/PSS system for protons that is in 
good agreement with results for a PDADMAC (poly(diallyldimethylammoniumchlorid))/PSS 
system [Nef06]. On the other hand, the observed values of pH sensitivity were almost 1.5-2 
times smaller than those of bare, unmodified SiO2 layers. The possible reason for such a be-
havior could be the partial screening of surface active groups of the SiO2 by the first adsorbed 
layers of PAH. This is inconsistent with results reported in [Nef06], where it was found that 
the pH sensitivity of a silicon thin-film resistor is not changed considerably by the adsorption 
of charged polymers. Note however, that in another experimental study, local pH variations 
across PAH/PSS PEMs have been measured using the changes in fluorescence intensity of 
pH-sensitive dyes, incorporated into the first adsorbed PAH layer [Kli95]. The dye intensity 
was shown to increase with the pH value of the buffer. Upon adsorption of a PSS layer, the 
increase in the dye intensity was detected that is indicative for larger pH values in the first 
PAH layer for PSS-terminated PEMs. Thus, the proton concentrations are smaller there, con-
trary to the expectation that negative potentials inside the PEMs due to the terminating PSS 
layer should accumulate more protons in such structures. It was argued that the influence of 
the Donnan equilibrium is relatively small for such PEM systems, in contradiction to recent 
results reported in [Schr07]. For the PEMs with terminating PAH layers, the dye fluorescent 
intensity in the first PAH layer was shown to correspondingly decrease as compared to PSS-
terminated PEMs. These alternating changes in the pH close to the sensor surface upon the 
PEM formation are due to the permeability of the multilayer structure to protons. This perme-
ability effect decreases with the number of adsorbed PE layers. Thus, the pH sensitivity slight-
ly depends on the sign of charge of the terminating PE layer as well as on the number of ad-
sorbed layers. This is another indication of the thickness-dependent permittivity of PEM 
structures to external pH-regulating protons [SchgAb09]. 
In addition to the pH-sensitivity study, the sensitivity of the functionalized EIS sensor with 
PEMs to the other cations in the applied electrolyte, namely to sodium ions has been investi-
gated. Figure 5.18 depicts the ConCap response of EIS structures with the fourth PSS-4 (a) 
and eighth PSS-8 (b) layer as outermost layer measured in NaCl solutions with different con-
centrations.  
In the case of PSS as a terminating layer, the sensor signal is changed towards the direction of 
an additional positive charging of the EIS sensor surface (corresponding to a more negative 
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sensor signal in Fig. 5.18 due to the feedback control in the ConCap mode) with increasing 
NaCl concentration.  
 
Fig. 5.18: ConCap response of EIS structures with post-deposited PEMs with the 4th PSS-4 (a) and 8th PSS-8 (b) 
layer as outermost layer measured in NaCl solutions with different concentrations. 
 
These observations are in good agreement with similar measurements performed on bare  
p-Si/SiO2 structures. The average ion sensitivity was about 20 and 12 mV/pNa for the EIS 
sensors with PSS-4 and PSS-8 as terminating layers, respectively. Thus, a decrease in ion sen-
sitivity with increasing number of adsorbed polyelectrolyte layers has been observed. On the 
other hand, the obtained sensitivity values are much higher than those of bare SiO2 layers (3-5 
mV/pNa). Therefore, the ion sensitivity of the functionalized EIS sensor can not be addressed 
to or at least only to the SiO2 layer [SchgAb09]. 
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As PEMs are permeable to ions and molecules, they are also favorable for (bio-)chemical 
sensing applications. Recently, PEMs have been used for the immobilization of the enzyme 
urease or glucoseoxidase onto the electric transducers [WuGu02, GaCha00]. The permeability 
of PEMs allows the penetration of the analyte to reach the particular enzyme. On the other 
hand, the enzymatic reaction product can penetrate through the PEM and reach the transducer, 
where it can be detected. In the next section, a new method for enhanced biosensing using 
PEMs is, therefore, introduced. 
5.2.4 Polyelectrolyte/enzyme multilayer: New strategy for enhanced field-effect 
biosensing 
In this research study, PEs have been used not only as a model system for studying of molecu-
lar interactions but also for preparation of a field-effect-based biosensor by functionalization 
of the gate surface of the FED with a pH-responsive weak polyelectrolyte/enzyme multilayer, 
prepared by LbL technique. The proposed sensor structure is capable to sense changes in both 
the local pH value near the gate surface and the charge of macromolecules induced via enzy-
matic reaction, thus resulting in a higher sensitivity.  
5.2.4.1 EnFEDs functionalized with weak polyelectrolyte/enzyme multilayer 
The generic approach is exemplarily demonstrated by realizing a penicillin biosensor using a 
field-effect capacitive p-Si/SiO2 EIS structure functionalized with a PAH/penicillinase multi-
layer. For comparison, the characteristics of an EIS penicillin biosensor with adsorptively 
immobilized penicillinase (but without PEMs) was studied. The determination of penicillin is 
very important in medicine, fermentation processes, food and drug industries. 
Fig. 5.19 shows the schematic structure and functioning principle of a capacitive enzyme-
modified EIS biosensor (in this work, penicillin biosensor with the adsorptively immobilized 
enzyme penicillinase; Scheme 1) and an EIS biosensor functionalized with a pH-responsive 
weak polyelectrolyte/enzyme multilayer (Scheme 2). The commonly used operational princi-
ple of penicillin-sensitive EnFEDs (enzyme-based FEDs) is as follows [CarJan80, DzySol06, 
SchgPog06, PogTh01, AbPog08b]: the pH-sensitive transducer material (here: SiO2) detects 
variations in the H+-ion concentration resulting from the catalyzed hydrolysis of penicillin by 
the enzyme penicillinase according to the reaction presented in Figure 5.19.  
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Fig. 5.19: Schematic structure (a,d), operation principle (b,e) and capacitance-voltage curve (c,f) for an EIS 
penicillin biosensor with adsorptively immobilized enzyme penicillinase (Scheme 1) and an EIS biosensor func-
tionalized with a pH-responsive weak polyelectrolyte/enzyme multilayer (Scheme 2), respectively. 
 
The resulting local pH decrease near the surface of the SiO2 layer will change the surface 
charge of the SiO2 and thus, modulate the space-charge capacitance in the Si and consequent-
ly, the flat-band voltage and capacitance of the EIS structure (Scheme 1, Fig. 5.19c). The rec-
orded shift of fbV∆ , or sensor signal depends on the penicillin concentration-dependent pH 
change (∆pH) near the gate surface: fbV∆ = )( pHV fb ∆∆ . 
In case of the EIS sensor with the enzyme penicillinase embedded within the multilayer of a 
pH-responsive weak polyelectrolyte of PAH (Scheme 2), the local pH changes induced by the 
enzymatic reaction will also alter the effective charge in the polymer chains [Maus04] and the 
charge density in the multilayer, causing an additional shift of the C-V curve along the voltage 
axis (Fig. 5.19f). The resulting fbV∆ or sensor-output signal will be defined by both the peni-
cillin concentration- or pH-dependent charge changes of the SiO2 surface and within the poly-
electrolyte/enzyme multilayer: )()( PEMVpHVV fbfbfb ∆+∆∆=∆ . Thus, for the EnFEDs 
functionalized with a weak polyelectrolyte/enzyme multilayer, an amplification of the sensor-
output signal and higher analyte sensitivity can be expected. Moreover, in contrast to the ad-
sorptive immobilization method, an entrapment of enzymes in a stable polyelectrolyte multi-
layer could provide a larger amount of enzymes immobilized per sensor area as well as reduc-
ing enzyme leaching effects and thus, enhance the stability and shelf life of the biosensor. 
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5.2.4.2 Preparation of EIS penicillin biosensors 
Two types of penicillin biosensors have been prepared using different enzyme immobilization 
methods: 
•  p-Si/SiO2/penicillinase structure with adsorptively immobilized penicillinase;  
•  p-Si/SiO2/(PAH-penicillinase)3-PAH structure with three bilayers of 
PAH/penicillinase, and PAH as outermost layer fabricated by LbL technique. 
The enzyme solution was prepared by dissolving the enzyme penicillinase (EC 3.5.2.6., Bacil-
lus cereus from Sigma, specific activity: 1650 units/mg protein) in a 200 mM TEA (tri-
methanolamine) buffer, pH 8. For the adsorptive immobilization of penicillinase, 80 µl en-
zyme solution per sensor were pipetted onto the chip surface, incubated at room temperature 
for about 1 h and dried in N2 atmosphere.  
For the preparation of the p-Si/SiO2/(PAH/penicillinase)3-PAH biosensor, the sensor chip was 
exposed to the PAH (50 μM PAH, 0.1 M NaCl, pH 6) solution for 5 min followed by rinsing 
with ultrapure water and dried with N2. Then, the enzyme penicillinase was immobilized on 
the modified sensor surface using the same immobilization protocol for the  
p-Si/SiO2/penicillinase sensor described above. These procedures were repeated until the de-
sired number of PAH/penicillinase bilayers (in this study, three bilayers) was prepared.  
Before their first use, the prepared penicillin biosensors were incubated in a working buffer 
for at least 1 hour to let the enzyme membrane equilibrate. When not in use, the sensors were 
stored in Titrisol buffer, pH 7, at 4 °C.  
The morphology and coverage of the functionalized sensor surface was studied by means of 
SEM. As an example, Figure 5.20 shows a SEM picture of the surface morphology of the pen-
icillin biosensor with the adsorptively immobilized enzyme penicillinase (a) and functional-
ized with a (PAH-penicillinase)3/PAH LbL film (b), respectively. As can be seen, an incorpo-
ration of enzymes within the polyelectrolyte multilayer provides a higher surface coverage 
and larger amount of penicillinase immobilized per sensor area in comparison to the adsorp-
tive immobilization method. 
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Fig. 5.20: SEM picture of the surface morphology of a 30 nm thick SiO2 film functionalized with penicillinase 
(a) and (PAH-penicillinase)3PAH (b). 
 
This is also supported by additional spectrophotometric measurements of the enzyme activity. 
Spectrophotometric assays for determining the β-lactamase activity were carried out by meas-
uring changes in the absorbance at 482 nm using the spectrophotometer XION-500 (Hach 
Lange, Germany). The measurements were performed at 25 °C in 0.2 mM polymix buffer 
solution (pH 8, 100 mM KCl) containing 300 µM nitrocefin as substrate. The obtained values 
of enzyme activity for freshly prepared p-Si/SiO2/penicillinase and p-Si/SiO2/(PAH-
penicillinase)3/PAH structures were 0.11 µM/min and 0.32 µM/min, respectively. As ex-
pected, the higher enzyme activity was achieved in the case of the enzyme entrapment within 
the polyelectrolyte multilayer.  
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5.2.4.3 pH sensitivity of EIS sensors functionalized with PAH 
Since the functioning principle of the presented sensors is based on the detection of variations 
in the H+-ion concentration induced by the enzymatic reaction before penicillin measure-
ments, the pH sensitivity of the p-Si/SiO2, p-Si/SiO2/PAH and p-Si/SiO2/(PAH-
penicillinase)3/PAH structures was  respectively verified. 
As an example, Figure 5.21 depicts a typical dynamic ConCap response of an EIS structure 
before and after functionalization of the sensor surface with PAH recorded in Titrisol buffer 
with different pH values. The bare (non-functionalized) EIS sensor shows an average pH sen-
sitivity of 38 mV/pH in the range from pH 5 to pH 8. After the adsorption of a PAH monolay-
er on the sensor surface and after the functionalization with a (PAH-penicillinase)3-PAH LbL 
film, an increase in the pH sensitivity (48.5 mV/pH and 52 mV/pH, respectively) was ob-
served (see Fig. 5.21b). The higher pH sensitivity of the functionalized EIS sensors could be 
explained by the assumption that both the underlying gate insulator (SiO2) and the mono- or 
multilayer of weak polyelectrolyte itself contribute to the pH-dependent sensor response. In 
fact, recent investigations as well as experiments in section 5.2.3.5 show that LbL polyelectro-
lyte multilayers are not completely dense and permeable to protons, amongst others 
[SchgAb09, Nef06, Schf03b]. Therefore, pH changes in the surrounding electrolyte will 
change the local pH within the LbL film that will be additionally detected by the underlying 
pH-sensitive SiO2 layer.  
On the other hand, PAH is a weak polyelectrolyte having pH-responsive ionisable groups 
[Maus04]. It has been reported that the ionisation degree and therefore, the molecular charge 
of weak polyelectrolytes in the embedded layer changes with both the pH of the surrounding 
solution and the net charge of the outermost layer [Carr04, Xie02]. The dissociation constant 
(pKa) reported for PAH in bulk solution is 8.6 [Petr03, KhaSuk03]. However, an incorporation 
of the PAH into multilayer shifts the pKa value of PAH by approximately 2-3 pH units to the 
alkaline region, i.e. pKa ~10.6 [Maus04]. The whole protonation of PAH in a multilayer is 
achieved at approximately pH 3 [Maus04]. Thus, for pH values used in the experiments in 
Figure 5.21, the PAH can be considered as positively charged. Variations in pH between pH 5 
and pH 8 will change the polymer charge that, in fact, has been detected in this study. 
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Fig. 5.21: The ConCap response of an EIS structure before and after functionalization of the sensor surface with 
PAH recorded in Titrisol buffer with different pH values (a) and corresponding calibrations curves (b). The cali-
bration curve for the EIS sensor functionalized with a (PAH/penicillinase)3/PAH LbL film is presented, too. 
 
Hence, the pH-responsive effective molecular charge of the outermost weak polyelectrolyte 
(in this study, PAH) or the polyelectrolyte multilayer will contribute to the pH response of the 
functionalized EIS sensor, resulting in a higher sensitivity in comparison with a bare EIS sen-
sor. It is well known that FEDs are capable of detecting of charge changes that occur directly 
at the gate surface or within the Debye length from the surface. The counter-ion condensation 
effect will mask or reduce the expected signal, especially in high-ionic strength solutions, 
where the Debye length is small (~1 nm in a 100 mM KCl solution). The results of this study 
(see section 5.2.3) as well as other reported results (see e.g., [Nef06]) have demonstrated that 
the ion concentration within the multilayer can be 2-3 orders of magnitude smaller than in the 
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bulk solution. Therefore, the Debye length within the multilayer could be ~10 nm and more. 
Thus, field-effect sensors are feasible for the detection of charge changes in a PEM consisting 
of up to 5-6 bilayers [AbPog10].  
5.2.4.4 Penicillin detection  
The EIS penicillin biosensors have been characterized in penicillin solutions with different 
content of penicillin G from 5 µM to 10 mM by means of ConCap method. The number of 
tested biosensors from each group was n=3. The penicillin solutions were prepared by dis-
solving penicillin G (benzyl penicillin, 1695 units/mg, Sigma) in the working buffer. As work-
ing buffer, a 0.2 mM polymix multi-component buffer solution containing 100 mM KCl as an 
ionic strength adjuster was used [PogTh01]. The pH of the polymix buffer was adjusted to pH 
8 by titration with NaOH solution.  
For the measuring procedure, about 1 ml of the working buffer or particular penicillin solution 
was applied to the EIS gate surface and the sensor-output signal was monitored for about 4-8 
min. Typical ConCap responses of freshly prepared p-Si/SiO2/penicillinase and p-
Si/SiO2/(PAH-penicillinase)3/PAH biosensors measured in polymix buffer solution with dif-
ferent penicillin concentrations from 0.005 to 10 mM are shown in Figure 5.22.  
With increasing penicillin concentration, the concentration of the H+ ions resulting from the 
enzymatic reaction is also increased. As a result, the capacitance-voltage curve is shifted in 
the direction of a more negative flat-band voltage, the voltage that is necessary in order to 
adjust the constant capacitance. The recorded sensor-output signal is directly correlated with 
the respective penicillin concentration in the solution. The average penicillin sensitivity for 
three tested biosensors from each group was about 45 mV/dec and 100 mV/dec in the linear 
range of 0.25-2.5 mM penicillin G for the p-Si/SiO2/penicillinase and p-Si/SiO2/(PAH-
penicillinase)3-PAH sensors, respectively.  
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Fig. 5.22: Typical ConCap response of the developed p-Si/SiO2-penicillinase (a) and p-Si/SiO2/(PAH-
penicillinase)3/PAH (b) penicillin biosensor, respectively.  
 
The lower and upper detection limit is around 0.02 and 10 mM, respectively. Since the peni-
cillin molecules need time to penetrate in the multilayer and to diffuse to the penicillinase 
molecules, the response time of the p-Si/SiO2/(PAH-penicillinase)3-PAH sensors was some-
what higher than that of the p-Si/SiO2/penicillinase sensors. 
As expected, the higher penicillin sensitivity has been achieved for EIS sensors where the 
enzyme penicillinase has been embedded within the weak polyelectrolyte multilayer (PAH). 
The reason for the high pH and penicillin sensitivity of these biosensors and mechanism of 
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signal generation is already discussed in previous sections. In addition to the higher pH sensi-
tivity of the p-Si/SiO2/(PAH-penicillinase)3-PAH structures, the higher surface coverage 
and/or higher activity of enzymes embedded in the more stable polyelectrolyte multilayer will 
also result in a higher penicillin sensitivity. Even after two months, the same biosensor has 
shown a clear dependence on the penicillin concentration with a sensitivity of about  
90 mV/dec. The loss of the penicillin sensitivity was around 10-12%. Thus, an incorporation 
of enzymes in a stable, weak polyelectrolyte multilayer reduces enzyme-leaching effects as it 
also enhances the shelf life of the biosensor [AbPog10]. 
 
In summary, this chapter focused on the theoretical and experimental study of the PEM build-
up using capacitive EIS sensors as a model system for planar-like, molecular layer formation. 
An electrostatic model taking into account the Debye screening by mobile ions in PEMs was 
developed, which shows that the amplitude of the change of the surface potential via for-
mation of the PEM has the tendency to decrease by increasing the layer number and ionic 
strength in the electrolyte. In the experimental part, the change of the thickness of the PEM, 
morphology and hydrophilicity of functionalized sensor surface upon the PEM build-up was 
investigated using physical characterization methods. The systematic increase of the PEM 
thickness, roughness and hydrophilicity after adsorption of each PE layer (up to 26 layers) 
was observed. Moreover, the PEM formation and the effect of ionic strength of the electrolyte 
as well as the influence of using buffered and unbuffered solution were electrochemically 
studied using EIS sensors. It seems that both the intrinsic PE molecular charge and ion-
concentration redistribution in the PEMs contributed to the detected sensor signal. Further-
more, the pH- and ion-sensitivity measurements of functionalized EIS sensors with PEMs 
showed the permeability of the PEM structure to protons and sodium ions, which were used 
as the basis for the preparation of enzyme based biosensors. As an example, the use of LbL 
deposition of a PAH/penicillinase multilayer on EIS sensors as a penicillin biosensor with a 
wide detection range led to high sensitivity and longer life time. Generally, this new method 
can be used for the preparation of other EnFED-type biosensors. 
The information gained was applied in choosing an optimized strategy for the DNA hybridiza-
tion/denaturation detection using field-effect sensors shown in the next chapter. This includes 
the choice of a suitable measuring buffer solution, DNA immobilization method and measur-
ing setup.  





6 Label-free detection of DNA using capacitive FEDs 
In this chapter, a new approach for label-free electrical detection of DNA hybridization and 
denaturation using an array of individually addressable EISOI capacitors modified with gold-
nanoparticle/DNA hybrids is presented. The capacitive field-effect-based structures detect 
charge changes of the Au-NP/DNA hybrids induced by the hybridization and denaturation 
event. In order to achieve a high sensor signal, DNA hybridization was performed in a high 
ionic-strength buffer, whereas the corresponding signal changes were detected in a low ionic-
strength buffer using differential mode measurements. In addition, fluorescence microscopy 
was applied to proof the DNA immobilization, hybridization and denaturation events. Fur-
thermore, based on the Grahame equation and the linear Poisson-Boltzmann theory, an elec-
trostatic model for a brush-like formed DNA layer on the sensor surface was developed, 
which demonstrates the potential variations on the sensor surface upon DNA immobilization, 
hybridization and denaturation. The presented results in this chapter are partially published or 
submitted in scientific journals [AbPog11a, AbPog11b, AbPed10] 
6.1 DNA immobilization, hybridization and denaturation proce-
dures  
The method in which nucleic acids are bound to the substrate is critical for the performance of 
a DNA sensor. Binding via the bases is potentially detrimental to the performance, as the ba-
ses are responsible for any hybridization event that occurs. Whatever the nature of the sub-
strate, there are only a few attachment techniques, including covalent linkage (for example, 
through silanization of the substrate), assembly of the probe on the substrate, physical adsorp-
6 Label-free detection of DNA using capacitive FEDs 
 94 
tion, etc. While the physical adsorption method presents a convenient procedure, a covalent 
immobilization method may be more favored [Zou08, Han06]. Covalent binding of oligonu-
cleotides assures long-term stability and thus maintenance of the device’s performance. As 
defined, the density of the immobilized ssDNA molecules is important for controlling the in-
teraction and hybridization of the ssDNA with the complementary one [Pirr02]. Commonly 
used immobilization strategies of DNA on the chip surface involve chemical modification of 
silicon oxide based surfaces. First, it is necessary to coat the chip surface with an organosilane 
that can covalently bind to the silicon oxide surface (silanization). The other end of the orga-
nosilane bearing the molecule is properly functionalized for the following conjugation with a 
probe ssDNA [Zou08]. 
In this study, ssDNA probe molecules were immobilized on the surface of Au-NPs deposited 
on the silanized gate of capacitive EIS and EISOI sensors, which provides a defined density 
of immobilized ssDNA. Figure. 6.1 illustrate a flowchart of the steps of surface modification.  
 
Silanization and functionalization of sensor surface with Au-NPs 
Before ssDNA immobilization, the cleaned sensor surface was first silanized by exposing it to 
a freshly prepared mixture of 10% MPTES (3-mercaptopropyl trimethoxysilane) and toluol 
for 1 hour followed by washing in toluol, acetone, isopropanol and water, respectively (Fig. 6. 
1a). For silanization, the reactive methoxyl groups are first hydrolyzed by the surface water 
on a hydrated silanol surface, followed by condensation. Simultaneously, the formed silane 
oligomers in-situ bind (physisorption via hydrogen binding) to the surface. By further con-
densation between free silanol groups of silane oligomers and the surface silanols, the film 
attaches covalently across the surface [SilLe91]. The thickness of the silane layer was con-
trolled by imaging ellipsometry and was about 1.2±0.2 nm.  
For deposition of Au-NPs on the sensor surface, the thiol-functionalized surface was made to 
react overnight with a dispersion of TOA (tetraoctylammonium)-stabilized Au-NPs (obtained 
from Hebrew University) in toluene (1 mM) [GuAb08] followed by washing with toluol (5 
times), acetone, isopropanol and distilled water. The sulfur atoms of the MPTES will replace 
some of the TOA molecules, thus binding the Au-NPs to MPTES (Fig. 6.1b). In a similar 
manner, the thiol-modified probe ssDNA molecules bind to the Au-NPs. The sulfur-gold bond 
is a strong covalent bond with a high bond enthalpy of 418 ± 25 kJ/mol [Web5].  
6.1 DNA immobilization, hybridization and denaturation procedures 
 95 
 
Fig. 6.1: Flowchart of the (a) silanization (adopted from [Zou08]) and (b) further surface-modification steps. 
 
To control each modification step, the sensor surface was characterized (after each functional-
ization procedure) by means of water contact-angle measurements with an OCA 20 System 
(Dataphysics, Germany) with a 5 μl drop of ultrapure water. Figure 6.2 presents results of the 
water contact-angle measurements of a bare SiO2 surface, after O2-plasma treatment of the 
SiO2 surface, after silanization and after functionalization of the surface with Au-NPs. The 
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hydrophilicity of the surface is increased significantly after the O2-plasma treatment from a 
contact angle of ~75° for a bare SiO2 (Fig. 6.2a) to ~5° after O2-plasma treatment (Fig. 6.2b). 
The increasing of surface hydrophilicity is due to the increase in hydroxyl groups. The sensor 
surface modified with MPTES was more hydrophobic (the measured water contact angle was 
~63°, see Fig. 6.2c) than that of after O2-plasma treatment. Water contact-angle measurements 
show that the functionalization of the MPTES-modified sensor surface with Au-nanoparticles 
increases the hydrophobicity of the surface again (water contact angle was ~92°, see Fig. 
6.2d). 
 
Fig. 6.2: Water contact angles on a bare SiO2 surface (a), after O2-plasma treatment (b), after silanization with 
MPTES (c) and after modification of silanized sensor surface with Au-nanoparticles. 
 
The surface coverage of the Au-NPs was examined by means of scanning electron microsco-
py. The SEM micrograph in Figure 6.3 demonstrates a homogeneous coverage of the SiO2 
surface with Au-NPs. The diameter of Au-NPs ( NPAuD − ) is ~5-8 nm. The average surface 
coverage with Au-NP ( cα ) evaluated from several SEM images using the program ImageJ 
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This results in a density of ~(1-1.3) × 1016 Au-NPs/m2 for Au-NP with an average diameter of 
NPAuD − ~6 nm. 
 
Fig. 6.3: SEM image of a SiO2 surface covered with Au-NPs. 
 
ssDNA immobilization 
The immobilization of thiol-modified 20 base pair ssDNA (Eurofins MWG Operon, Germa-
ny) probe molecules on the surface of the Au-NPs was done by pipetting of 40 µl immobiliza-
tion solution (5 µM ssDNA, 0.1 M phosphate buffer solution (PBS), pH 8.5) into the particu-
lar sensor surface, followed by incubating the sensors in humid conditions at 37 °C overnight. 
After immobilization, the sensor surface was washed in ultrapure water to remove not-
attached ssDNA molecules and dried with nitrogen (see also Fig. 6.4).  
 
6 Label-free detection of DNA using capacitive FEDs 
 98 
 
Fig. 6.4: Schematic of functionalized sensor surface with a Au-NP/DNA hybrid. The ssDNA and dsDNA form a 
hexagonal lattice of uniformly negatively charged, 6.4 nm long cylinders with a diameter of DssDNA =1 nm and 
DdsDNA = 2 nm, respectively. The cylinders are arranged normal to the Au-NP surface with a center-to-center 
average separation distance of as. The oligonucleotides in this figure are sketched using “ChemSketch” software. 
 
Using a density of deposited Au-NPs on the sensor surface of NPAu−ρ ~1.2*10
16 Au-NPs/m2, 
the density of thiol-modified ssDNAs quasi-covalently bound to the Au-NPs was estimated. 
Geometrically, the upper hemi-sphere of every Au-NP is accessible for ss- and ds-DNA. 
Dense packing of dsDNAs with a dsDNA diameter of DdsDNA=2 nm implies the minimum 
separation distance (as~2.DdsDNA) of ∼4 nm between the immobilized ssDNA axes (see Fig. 
6.4) [PogCh05]. Thus, for Au-NPs with an average diameter of ~6 nm up to m =3-4 dsDNAs 
can potentially be deposited. The density of attached 20 base pair long DNA fragments is then 
1616 108.4102.1~ ×−×  ssDNA/m2 ( DNAρ ~ NPAum −× ρ ). 




For hybridization, a high concentrated solution (0.1 M PBS, pH 7, adjusted with 0.9 M NaCl) 
containing 5 μM of the target ssDNA (see Tab. 6.1) was utilized. The hybridization solution 
was heated to ~70 °C, and was then pipetted on the gate surface of the particular sensor. The 
sensors were left at room temperature for 15-30 min. After incubation, the sensor surface was 
washed (with distilled water for 1 min, 2 ×  SSC (sodium chloride-sodium citrate buffer) for  
1 min, 1 ×  SSC for 1 min and rinsed again with distilled water) to remove non-hybridized 
target DNA molecules and finally, dried with nitrogen.  
 
Tab. 6.1: DNA sequences used in this work. 
Type Sequence  
Target ssDNA  5'-TGACTACATGCAGTGTTCAT-3'  
Perfectly-matched thiol-modified ssDNA  5'THI-ATGAACACTGCATGTAGTCA-3'  
Fully-mismatched thiol-modified ssDNA  5'THI-TACTTGTGATGTACATCAGT-3'  
Fluorescent-labeled target ssDNA  5'-Cy3-TGACTACATGCAGTGTTCAT-3'  
Fluorescent-labeled perfectly-matched thiol-modified 
ssDNA  
5'THI-ATGAACACTGCATGTAGTCA-Cy3-3'  




The DNA denaturation process was done by applying a drop of 0.1 M NaOH to the sensor 
surface and leaving it for 1 min. Afterwards, the sensors were washed using the same protocol 
as for the hybridization procedure described above. 
The sequences of the probe and target ssDNA molecules used in this work are presented in 
Table 6.1. 
6.2 Optical detection of DNA immobilization, hybridization and 
denaturation  
For verification of the DNA immobilization, hybridization and denaturation on the sensor 
surface, optical detection of DNAs labeled with Cy3 fluorescence markers was done. 
6 Label-free detection of DNA using capacitive FEDs 
 100 
For this purpose, separate p-Si/SiO2 structures with a 100 nm SiO2 layer were prepared and 
modified with Au-NPs. Fluorescence-microscopy measurements were carried out using an 
Axioplan 2 Imaging microscope (Zeiss, Germany). Since Cy3 markers on DNA emit at a 
wavelength of 570 nm, a specific filter for this wavelength was used. Digital images were 
taken after the immobilization, hybridization and denaturation experiments using the color 
CCD camera of the microscope. 
To prove DNA immobilization, thiol-modified Cy3 fluorescence-marked fully-mismatched 
and perfectly-matched ssDNA molecules (see Tab. 6.1) were immobilized on different spots 
of the Au-NP-covered p-Si/SiO2 chip. These spots with homogeneous distribution of fluores-
cence intensity are clearly visible in the fluorescence-microscopy images (Figures 6.5a, 6.5b).  
This indicates that fluorescent-labeled probe ssDNAs were bound to the Au-NP-modified sur-
face. Figure 6.5c shows the mean fluorescence-intensity values for six spots with immobilized 
perfectly-matched and fully-mismatched ssDNAs, as evaluated from fluorescence microscopy 
using the ImageJ program. These results indicate a reproducible density of ssDNAs immobi-
lized on the Au-NP-modified surface by applying the immobilization protocols described 
above. 
Figure 6.6 demonstrates fluorescence-microscopy images taken from the two spots with per-
fectly-matched and fully-mismatched ssDNA after the first hybridization (a), followed by 
denaturation (b) and re-hybridization (c) steps. The complementary target ssDNAs used in 
this experiment were fluorescence-labeled (Tab. 6.1).  
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Fig. 6.5: Fluorescence-microscopy images taken from Au-NP-covered surface spots with immobilized Cy3-
labeled thiol-modified perfectly-matched (a) and fully-mismatched (b) ssDNA molecules. c) The mean values of 
fluorescence intensity for six spots with corresponding probes as evaluated from fluorescence-microscopy imag-
es. 
 
The images show a high fluorescence intensity after hybridization from the spot with immobi-
lized ssDNA perfectly-matched to the target ssDNA sequence. This verifies the successful 
hybridization with complementary target molecules. In contrast, there was almost no fluores-
cence effect from the spot with fully-mismatched ssDNAs, indicating that no hybridization 
has occurred. After the denaturation, practically no fluorescence effect (the intensity was neg-
ligible compared to background) can be seen from the spot with perfectly-matched ssDNA. 
This confirms the removal of fluorescent-labeled target ssDNA and successful denaturation.  
To study the replicability of DNA hybridization and denaturation procedures as well as stabil-
ity of the sensor surface modified with Au-NPs/ssDNA hybrids, fluorescence-microscopy 
images were taken from the same spots after multiple hybridization and denaturation cycles. 
The results of these investigations are illustrated in Figure 6.6d. Even after four consecutive 
hybridization/denaturation cycles, the fluorescence intensity from the spot with immobilized 
ssDNA perfectly-matched to the fluorescence-labeled target ssDNA was sufficiently high, 
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≈87% of the intensity registered after the first hybridization step. These findings are in good 




Fig. 6.6: Fluorescence-microscopy images taken from the two spots with perfectly-matched and fully-
mismatched ssDNAs after consecutive steps of hybridization (a), denaturation (b), re-hybridization (c). Repro-
ducibility of hybridization/denaturation procedure follows from a “zig-zag” variation in measured intensity (d). 
6.3 Label-free electrical detection of DNA hybridization and de-
naturation 
To reduce the effects of different disturbing factors (e.g., possible pH or ionic strength chang-
es, adsorption of target ssDNA on the gate surface not covered with Au-NPs, temperature 
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change, sensor drift, etc.) and thus, to achieve more reproducible signals, the DNA-
hybridization and denaturation measurements were carried out in a differential mode setup 
(see Fig. 6.7).  
 
Fig. 6.7: Schematic of a 4-channel EISOI chip modified with Au-NP/DNA hybrids (a) and measurement setup 
(b) used for the label-free electrical detection of DNA hybridization and denaturation in differential mode.  
 
Moreover, in order to minimize the screening of the DNA’s intrinsic charge by counterions 
and to achieve a high sensor signal, the DNA hybridization was performed in a high ionic 
strength solution. The changes in the sensor-output signal caused by hybridization and dena-
turation events were on the contrary readout in a low ionic strength solution (0.2 mM PBS, 
pH 7.5).  
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Figure 6.7 presents the schematics of a 4-channel EISOI sensor modified with Au-NP/DNA 
hybrids (a) and the measurement setup (b) applied for the label-free, electrical detection of 
DNA hybridization and denaturation. In contrast to conventional capacitive EIS sensors on a 
Si chip, the developed sensor array allows an addressable biasing and readout of multiple na-
noplate EISOI capacitive sensors on the same SOI chip. In this study, sensor 4 was immobi-
lized with the probe ssDNA perfectly matching to the target ssDNA sequence, while sensor 2 
and sensor 3 were immobilized with the fully-mismatched probe ssDNAs. Sensor 2 was not 
exposed to the hybridization solution and was used as a reference sensor for differential mode 
measurements. Sensor 1 was used for pH control.  
The EISOI sensors have been characterized by means of ConCap method, which allows a 
direct dynamic monitoring of potential changes at the gate/electrolyte interface caused by the 
DNA hybridization or denaturation.  
Figure 6.8 shows an example of DNA-hybridization and denaturation detection with the  
nanoplate EISOI chip in a differential mode setup. The ConCap curves in Fig. 6.8 represent 
the net differential output signals between sensor 3 and sensor 2 (∆V3-2) as well as sensor 4 
and sensor 2 (∆V4-2). They were recorded in a 0.2 mM PBS (pH 7.5), before DNA hybridiza-
tion and after the hybridization, denaturation and re-hybridization event. A high positive sig-
nal change of ∆V4-2~120 mV was registered after the DNA hybridization for sensor 4 immobi-
lized with perfectly matched ssDNA, while practically no signal changes were observed for 
sensor 3 with fully-mismatched ssDNA. The positive signal shift in the ConCap mode corre-
sponds to a more negative gate-surface charge, which can be attributed to additional negative 
charges of the hybridized dsDNA. The observed hybridization signals were 3-4 times higher 
than those previously reported in the study of a single capacitive SiO2-gate EIS sensor without 
Au-NPs (24-33 mV) [PogIn07,PogAb07] and about 6 times higher than for a Si3N4-gate EIS 
structure (~14 mV) [SakMiy05]. 
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Fig. 6.8: Differential ConCap measurement of DNA hybridization and denaturation events with EISOI sensor 
array. 
 
After DNA denaturation, the value of ΔV4-2 revealed a decrease of 90 mV that corresponds to 
a DNA-denaturation efficiency (β) of about 75%. As expected, no significant changes in the 
response signal were recorded after DNA denaturation for sensor 3 with immobilized fully-
mismatched DNAs. After the second hybridization step, an increase of ΔV4-2 of about ~80 mV 
was recorded again. The recorded hybridization signals are replicable (about 120 mV after the 
first and 110 mV after the second hybridization procedure) showing that this has a good corre-
lation with fluorescence-microscopy investigations in Ch. 6.2.  
It is worth mentioning that the suggested method is only efficient and amenable for detection 
of the DNA-hybridization event for pretty short DNA fragments, L<50 base pairs. The hybrid-
ization efficiency for longer DNA sequences is reduced considerably together with the accu-
racy of signals detected. The preparation of DNA microarrays with short oligonucleotide (15-
30-mer) is favorable because of a more precise detection of shorter nucleotide polymor-
phisms, which includes single nucleotide differences [Zou08]. Short oligonucleotides are used 
in diagnostic as well as for environmental microbial microarrays [Bod03, Zou08, LoSch05, 
SrDi04]. 
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6.4 Sensor-potential changes upon DNA hybridization: Electro-
static model  
FEDs are surface-charge measuring devices detecting the charge in a capacitive way. Since 
DNA molecules are polyanions with negative charges at their phosphate backbone, it can be 
expected that during the hybridization of ssDNA probe molecules with their complementary 
strands, the charge associated with the target molecule effectively changes the charge applied 
to the gate, resulting in a modulation of the flat-band voltage and capacitance of the EIS sen-
sor. However, this scheme for electrostatic detection of charged macromolecules by their in-
trinsic molecular charge is only feasible if the sensor signal has not been interfered with any 
background interactions of the underlying gate surface such as ions in the solution (see Ch. 5). 
Moreover, the acid-base behavior and ion sensitivity of the gate surface, the surface-charge 
regulation effect, the density of the ssDNA layer, the length and orientation of DNA mole-
cules, the length of linker molecules, the ionic strength (or screening length) of the solution as 
well as three-dimensional charge distribution in the intermolecular spaces in the immediate 
vicinity of the interface will play a critical role in transferring the hybridization-induced signal 
to the FED. 
Modeling and simulation of DNA-FEDs are beneficial for a basic understanding of the DNA-
hybridization detection mechanism as well as for technological predictions and optimization 
of these devices. Due to the high complexity of the DNA-FED system, theoretical models, 
which exactly describe the functioning taking into account all of the above mentioned inter-
fering factors, do not exist so far. Therefore, recently several models describing the function-
ing of DNA-FEDs have been developed. For instance, an ion-concentration redistribution 
within the intermolecular spaces and alteration of the ion sensitivity of the gate surface upon 
DNA hybridization as possible mechanism for label-free detection of DNA has been discussed 
in [PogCh05]. To describe the sensitivity of field-effect transistors to DNA charge, the at-
tached DNA layer has been modeled as an ion-permeable membrane with a neutral interior 
[LanAe05]. The relation between pH-, ion- and charge sensitivity of FEDs functionalized with 
charged biomolecules has been discussed in [Nef06]. More simplified models refer on the 
Grahame equation to calculate surface-potential changes due to the DNA hybridization by 
assuming that the whole charge associated with the target DNA is located at the gate-surface 
plane [InOf06, SakMiy05]. However, if the DNA molecules are tethered to the gate surface, 
the DNA charge is not confined directly to the interface, but it is distributed through some 
distance (dependent on the number of base pairs) away from the surface.  
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The electrostatic coupling between the DNA charge and gate surface as well as potential 
changes at the gate-electrolyte interface and the sensor signal induced upon the DNA hybridi-
zation will strongly drop with increasing the distance between the DNA molecules and the 
gate surface. Thus, in addition to the screening or Debye length ( Dλ ) the distance between the 
DNA charge and the sensor surface is one of the critical parameters that could strongly affect 
the expected sensor signal. In the following, a so-called “charge-plane” model for the simula-
tion of gate-surface potential changes induced upon DNA hybridization is introduced. The 
model considers both the Debye length and middle distance of the DNA charge from the gate 
surface. A similar charge-plane model has been discussed to calculate surface-potential 
changes due to the binding of small peptides to a lipid monolayer [LuNi06].  
The charge-plane model for the simulation of potential changes at the gate surface induced by 
the DNA hybridization or denaturation event and the schematic potential profile is illustrated 
in Figure 6.9.  
The ssDNA and dsDNA molecules (with a density DNAρ  and a length L) are assumed to be 
oriented normally to the sensor surface. Although the charges existing on each phosphate 
group in the DNA backbone are located at a different distance from the gate surface, the layer 
of charged ssDNA molecules is modeled as a plane (sheet) of uniformly distributed charges 
(with an effective charge density of σss) located in the middle of the immobilized ssDNA layer 
at a distance of x=L/2 from the gate surface (the position of the gate surface is taken at x=0). 
This was done for the sake of simplicity in this study. The charges on both surfaces will create 
a diffuse layer in their vicinity. These diffuse layers will overlap for small distances between 
the gate surface and the charged plane.  
In order to estimate the sensor signal that is induced upon the DNA-hybridization process, it 
was first approximated that the hybridization of the probe molecules with their complemen-
tary target molecules can be modeled by increasing the charge of the plane. Because the 
charge of the dsDNA ( dsσ ) is nearly doubled, a new distribution of the electrostatic potential 
will be reached after hybridization.  
 
 




Fig. 6.9: The charge-plane model for the simulation of potential changes at the gate surface induced by DNA 
hybridization or denaturation event. The layer of charged ssDNA molecules is modeled as a plane (sheet) of 
uniformly distributed charges (with an effective charge density of σss) located in the middle of the immobilized 
ssDNA layer at a distance of x=L/2 from the gate surface. The schematic potential profile between the negatively 
charged plane and the sensor surface after the DNA immobilization and hybridization is shown for a Debye 
length in electrolyte solution larger than the DNA length L. 
 
Since the capacitive EISOI sensor operates in a constant-capacitance mode, the potential drop 
across the gate insulator is constant, so the changes in the flat-band voltage will be equal to 
the potential changes at the gate-electrolyte interface. Consequently, the response signal of the 
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EISOI sensor to intrinsic molecular charges (hybridization signal, ψ∆ ) can be calculated 
from the difference in the electrostatic potential at the gate surface after ( dsψ ) and before 
( ssψ ) the DNA-hybridization process:  
 
)0()0( =−==∆ xx ssds ψψψ  (6.2) 
 
By assuming that the charge is uniform in the lateral direction, the one-dimensional Poisson-
Boltzmann (PB) equation can be used to derive analytical expressions for the potential profile 
and changes in the gate-surface potential induced by the DNA hybridization or denaturation 
event. In the following, the potential distribution is calculated by assuming the linearized PB 
equation to be valid both in the space between the sensor surface and charged plane (region-1, 
2/0 Lx ≤≤ ) and in the outer electrolyte (region-2, 2/Lx ≥ ). The general solution of the 
linearized PB equation [Butt03, Isr92] is shown as: 
 









For a dimensionless electrostatic potential ( )TKey B/0ψ=  in region-1 it can be described by 
two exponential functions [Che07a, Che08]: 
 
xx eexy 11)(1
κκ βα −+=  (6.4) 
 
In region-2, where the potential has to decay to zero in the bulk electrolyte solution at large 
distances from the charged plane ( ∞→x ), the general solution of the PB equation represents 
a single decaying exponential function: 
)2/(
2
2)( Lxexy −−= κγ  (6.5) 
      
In Eq. 6.4 and Eq. 6.5, 2/1202,1
1
2,12,1 )/2( TKec BD ελκ ==
− , 2,1c , and ε  are the reciprocal screen-
ing length, bulk electrolyte concentration and dielectric constant in region-1 and region-2, 
respectively. The integration constants γβα ,,  are defined by the electrostatic boundary con-
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ditions. These are given by the Gaussian law that relates to the derivative of the potential to 
the charge density on the sensor surface ( sσ ) and the DNA sheet (σ ). The third condition 













> 0, at x=L/2 
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where ssσσ =  after ssDNA immobilization and dsσσ =  after DNA hybridization. It should 
be noted that in the linear PB approach, a doubling of the charge density of the DNA sheet in 
case of 100% hybridization efficiency will result in twice as high potentials on the charged 
plane after the hybridization, as compared to the ssDNA sheet. 
For calculations of the change  in the electrostatic potential ( ψ∆ ) at the gate surface (at 
0=x ) induced by the DNA-hybridization event and its comparison with the experimentally 
observed hybridization signal of the EISOI sensor, there is a need to define the effective 
charge density of immobilized ssDNA ( ssσ ) and hybridized dsDNA ( dsσ ). By assuming one 
negative charge on each phosphate group per base pair and considering the screening effect 
(fraction of DNA charge) by counter ions in the solution, the effective charge density of ssD-
NA and dsDNA can be calculated as follows:  
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)1(0 δρσ −= DNAss ne  (6.10) 
  
)1( ασσ += ssds   (6.11) 
 
where n is the number of base pairs (in this work, we use a thiol-modified, 20 base pair long 
ssDNA with L= 6.8 nm), DNAρ = NPAum −ρ.  is the density of the immobilized probe ssDNA 
molecules, m is the number of the immobilized ssDNA molecules per one Au-NP, NPAu−ρ  is 
the density of the deposited Au-NPs, α  is the hybridization efficiency (by 100% hybridiza-
tion, α =1 and ssds σσ 2= ), and δ is the fraction of DNA charge screened or neutralized by 
cations. It should be noted, that according to Manning’s counter-ion condensation theory (see 
e.g., [Mann78, Mann01]), monovalent cations could reduce the effective DNA charge by 
~75% (i.e., δ~0.75), which will significantly reduce the expected hybridization signal.  
Figure 6.10 shows different electrostatic potential profiles between the negatively charged 
plane and the sensor surface after the DNA immobilization and hybridization simulated by 
different Debye screening lengths in the region-1 of 1Dλ =2, 5, and 21 nm (assuming different 
ion concentration in region-1) using Eq.6.4, E.q. 6.5 and Eq. 6.9- Eq. 6. 11. The simulation 
parameters are: NPAu−ρ  =1.2×10
16 Au-NPs/m2 (see Ch. 6.1), L/2=3.4 nm, n=20, m=1 (one 
immobilized ssDNA per Au-NP), ε =80 for both regions, 1=α , 75.0=δ , ssσ = 6×1016 
2
0 / me , dsσ = 12×10
16 20 / me , sσ =2.4×10
16 20 / me , and 2λ =21 nm (this value of the De-
bye length in region-2 corresponds to an electrolyte concentration of 0.2 mM used in this 
work for the measurement of the DNA hybridization and denaturation signal). 
The calculated potential changes at the gate surface (at x=0) induced by the DNA-
hybridization event were ψ∆ =52, 116 and 143 mV for 1Dλ =2, 5 and 21 nm, respectively. As 
expected, the lowering of the ionic strength (or increasing 1Dλ ) inside the DNA lattice (region-
1) results in a higher hybridization signal. The calculated value of ψ∆ =116 mV for 1Dλ =5 
nm is close to the experimentally observed hybridization signal (~120 mV) of the EISOI sen-
sor.  
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Fig. 6.10: Electrostatic potential profiles between the negatively charged plane and the sensor surface after the 
DNA immobilization and hybridization simulated by different Debye screening lengths in the region-1 of λD1=2, 
5, and 21 nm. The screening length in region-2 was taken to be λD2=21 nm that corresponds to an electrolyte 
concentration of 0.2 mM used in this work for the measurement of the DNA hybridization and denaturation sig-
nal.  
 
Nevertheless, there exist several unknown parameters as well as physical “complications” for 
a quantitative comparison of the potential changes predicted by the model when compared to 
the experimentally observed results:  
• the unknown orientation of the DNA molecules to the sensor surface;  
• the number of immobilized DNA molecules per Au-NP can be higher than m=1 as as-
sumed in the model. Geometrically, the upper hemi-sphere of the Au-NP with an aver-
age size of 5-6 nm is potentially accessible for 3-4 dsDNA molecules with a diameter 
of 2 nm and a 4 nm separation between the DNA axis. According to recent experiments 
[PriTa10], short DNA fragments can be deposited at even higher densities on larger Au-
NPs, with only ~3 nm distance between the neighboring DNA strands;  
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• the dielectric constant within the DNA lattice (region-1) can be significantly lower 
(e.g., ε =2-10 has been reported [Che07b] for a DNA interior) than inside the electro-
lyte solution in region-2 ( ε ~80);  
• in the linear PB approach used in the presented model, it has been assumed that a dou-
bling of the charge of the DNA sheet after hybridization will result in a twice as high 
potential on the charged plane. The linear PB equation is known to be valid for low po-
tentials of ψ <25 mV [Isr92] (in most applications up to 50-80 mV [Butt03]). In a non-
linear approach however, a much smaller surface potential of the charged sheet can be 
expected in comparison to the linear PB approach with the same surface-charge density 
[Isr92, Butt03]. Due to the non-linear dependence of the surface potential on the sur-
face charge via the Grahame equation [Isr92, Butt03], doubling the charge of the DNA 
sheet upon DNA hybridization will result only in a moderate increase in the surface po-
tential of the sheet. The expected potential change at the sensor surface and the hybrid-
ization signal could be, therefore, smaller than calculated (by the linearized PB equa-
tion). 
 
In summary, a fabricated field-effect nanoplate EISOI sensor array was used for label-free 
electrical detection of DNA hybridization and denaturation. The ssDNA probe molecules were 
immobilized on the functionalized sensor surface by means of Au-NPs. To achieve high  
hybridization efficiency, the DNA hybridization was performed in a high ionic-strength solu-
tion. In order to reduce the screening of the DNA charge by counter ions in the electrolyte and 
to minimize the effect of disturbing factors, the signal changes induced by the hybridization 
and denaturation processes were read out in a low-ionic strength solution using a differential 
mode setup. In addition, the DNA immobilization, hybridization and denaturation were veri-
fied by fluorescence microscopy. For the simulation of the change of potential at the sensor 
surface induced by DNA hybridization, an electrostatic charge-plane model was developed 
taking into account both the Debye length and the distance of the DNA charge from the gate 
surface.  
 





7 Conclusions and outlook 
In this thesis, field-effect-based capacitive EIS structures have been employed to detect the 
formation of “planar”- and “brush”-like molecular layers. Polyelectrolyte multilayers have 
been used as a model system to study the effects induced in capacitive EIS sensors via for-
mation of a planar-like molecular layer [AbPog09, AbPog10, PogAb06, PogAb07, PogAb08, 
PogIn07, SchgAb09]. An electrostatic model based on the one-dimensional linear PB equa-
tion has been developed, which demonstrates the change of the EIS sensor’s surface charge 
upon the build-up of the PEM. In this model, the PEM interior is assumed as an electrically 
neutral environment with a very low ion concentration (~1 mM). Using this model, the 
change of the surface potential via the PEM formation in electrolytes with different ion con-
centrations has been simulated taking into account the Debye screening length inside the 
PEM. The simulations show that the change of the sensor-surface potential is a function of the 
distance between the charged layer and the sensor surface, charge density of the molecular 
layer, ionic strength in the PEM interior and in the bulk electrolyte. For experiments, the 
PEMs’ build-up on the sensor surface was achieved using the LbL technique, via consecutive 
adsorption of PAH and PSS. The formation of the PEM has been studied using physical char-
acterization methods. After adsorption of each PE layer (increasing the layer number), a raise 
of the PEM thickness as well as surface roughness and hydrophilicity have been observed. 
Electrochemical monitoring of the PEM formation using an EIS sensor has been done by C-V, 
ConCap and IS measuring methods. The adsorption of each PE layer leads to an alternating 
shift of the sensor signal. Incidentally, the direction of this shift depends on the sign of the 
charge of the outermost (terminating) PE layer, resulting in a kind of “zigzag” curve of the 
signal changes as a function of the PEM number. The adsorption of PAH shifts the sensor sig-
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nal towards the direction as for an additional positive charging of the SiO2 surface that will 
increase the surface potential. Consequently, the direction of the potential changes after ad-
sorption of negatively charged PSS corresponds to the case as if the SiO2 surface would have 
been additionally negatively charged. This indicates that the molecular layer may also induce 
an interfacial potential change resulting in a change in the flat-band voltage of the EIS struc-
ture. Moreover, the potential shifts have the tendency to decrease with the increasing number 
of PE layers [AbPog09, AbPog10, PogAb06, PogAb07, PogAb08, PogIn07, SchgAb09]. The 
amplitude of the sensor signal is strongly dependent on the ion concentration of the applied 
electrolyte. All these observations are in good qualitative agreement with those predicted from 
the introduced model. Theoretically and experimentally, it is shown that the thickness of the 
PEM with maximum layer number and its charge can that be detected by FEDs is equal to the 
Debye length inside the PEM. In this way, the concentration in the PEM interior or dielectric 
constant of the PEM can be estimated. 
The question arises, “Is the change of the sensor-surface potential (resulting in a shift of the 
sensor-output signal) caused by the intrinsic charge of the adsorbed or bounded macromole-
cules on the sensor surface, or is there other factors, which could affect the sensor signal, like 
the ion-concentration redistribution in the intermolecular spaces?” 
To answer this question, the investigation of the PEM build-up using EIS sensors has been 
done in both buffered and unbuffered solutions with the same salt concentration. It has been 
observed that the potential shifts are much more smaller for the PEMs prepared in pH-buffer 
solution and decay much more rapidly with the number of adsorbed layers, as compared to 
PEMs formed in unbuffered solutions. It can be suggested that the local electric field emerged 
from the outermost PE layer redistributes protons (ions) in the PEMs, which in turn can 
change the local pH values on the SiO2 surface and nearby the PAH layers. As the underlying 
SiO2 gate-insulator surface is a pH-sensitive material, the redistribution of protons and alter-
nating pH profiles inside the PEMs upon PAH/PSS adsorption can be detected with the under-
lying pH-sensitive field-effect transducer. Thus, larger signals were observed for EIS sensors 
with PE layers adsorbed from unbuffered solution. To prove the proton and ion permeability 
of the PEM, the pH- and sodium-ion sensitivity of EIS sensors covered with PEMs with a 
different layer number have been measured [SchgAb09]. The pH sensitivity of modified EIS 
sensors that is slightly dependent on the type of terminating PE layer as well as on the number 
of adsorbed layers is tested. This fact is a direct indication that the PEMs exhibit a high per-
meability for protons. Therefore, pH changes in the surrounding electrolyte will change the 
local pH within the PEM that will be directly detected by the underlying SiO2 layer. The high 
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permeability of PEMs for protons as compared to other ions has been discussed in [Nef06] 
and explained by the Grotthuss-like mechanism of delocalized protons inside the PE films. In 
summary, it seems that both the intrinsic PE molecular charge and ion-concentration redistri-
bution in PEMs contribute to the detected sensor signal. Probably for PE adsorption from un-
buffered solutions, the sensor signal is largely induced by the redistribution of ions inside the 
PEM structure. For PE adsorption from buffered solution, on the other hand, the local pH 
changes in PEMs are suppressed and the signals detected are dominated by the direct electro-
static influence of the intrinsic charge of the adsorbed PE chains [SchgAb09]. 
The PE layers have been used in this work not only as a model system to study the planar-like 
formation of molecular layers but also for the preparation of EnFED-based biosensors with 
enhanced characteristics (using the permeability of the PE layer and pH-stimuli responsive 
behavior of the PAH) by functionalization of capacitive field-effect EIS structures with an 
LbL-assembled weak polyelectrolyte/penicillinase multilayer for penicillin sensing. The real-
ized penicillinase/PAH-based biosensors respond to changes in both the local pH value near 
the gate surface and charges of the polyelectrolyte macromolecules induced via enzymatic 
reaction, resulting in a higher sensitivity. In addition, the embedment of enzymes in a multi-
layer prepared by LbL technique provides a larger amount of enzymes immobilized per sensor 
area, reduces the enzyme-leaching effect and thus, enhances the stability and life-time of the 
biosensor. Even after two months, the recorded sensor output-voltage directly correlates with 
the respective penicillin concentration with a low detection limit of about 20 µM. The realized 
penicillinase/PAH-based biosensor using LbL technique possesses a better biosensor charac-
teristic than prepared penicillinase-based biosensors using the adsorptive method. The pro-
posed novel strategy might be extended to further enzyme-based field-effect biosensors 
[AbPog10].  
Furthermore, the realized field-effect nanoplate EISOI sensor array [AbMor11, AbIn09a, 
AbIn09b] modified with Au-NPs was successfully tested for a differential mode label-free 
electrical detection of DNA hybridization and denaturation events [AbPog11b, AbPog11a, 
AbPed10]. The differential setup provides a precise measurement by minimizing the disturb-
ing factors (e.g., temperature, pH of ion concentration change, drift of the sensor) during 
measurements. The ssDNA probe molecules were immobilized on the surface of Au-NPs. The 
DNA hybridization was performed in a high-ionic strength solution. In contrast, to reduce the 
screening of the DNA charge by counter ions and to achieve a high sensitivity, the signal 
changes induced by hybridization and denaturation were read out in a low-ionic strength solu-
tion using a differential-mode setup. In addition, the fluorescence-microscopy method has 
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been applied to verify the DNA immobilization, hybridization and denaturation events. High 
differential signals of about 120 mV and 90 mV were registered after the DNA-hybridization 
and denaturation events, respectively. Moreover, an electrostatic charge-plane model for the 
simulation of potential changes at the gate surface induced by the DNA-hybridization event 
has been developed taking into account both the Debye length and the distance of the DNA 
charge from the gate surface. Potential profiles between the negatively charged DNA sheet as 
well as potential changes at the gate surface induced by the hybridization event has been sim-
ulated by different Debye screening lengths using the linearized PB equation [AbPog11b].  
 
Outlook 
Future work could be focused on:  
a) the future miniaturization of capacitive EISOI sensors and increasing the number of 
sensors in the array, as well as the improvement of the sensors’ geometry and design;  
b) using single-stranded morpholinos instead of ssDNAs as recognition elements for the 
realization of DNA sensors. The morpholinos are not charged in the electrolyte and the 
hybridization of perfectly-matched morpholinos with probe DNAs can be also take 
place in low-concentrated salt solutions. This feature of morpholino-DNA hybridiza-
tion condition will offer the direct on-line monitoring of the hybridization event;  
c) the development of EISOI sensor arrays for the detection of single nucleotide polymor-
phisms, proteins, antibodies and other charged macromolecules; 
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A.  Recipes and protocols 
 
Cleaning: 
For the wet cleaning and activation of sensor surface, the substrate has been dipped in a mix-
ture of 5% Hellmanex and distilled water, followed by rinsing in water and drying with nitro-
gen. 
Dry cleaning and activation of the sensor surface was achieved by treatment of the substrates 
in oxygen plasma for 45 seconds (0.7 bar, 100 W). 
 
Silanization: 
The surface of the sensors has been silanized by immersion of the freshly cleaned substrates 
in a mixture of 10% MPTES (3-mercaptopropyl trimethoxysilane) and toluol for 1 h followed 
by washing in toluol, acetonec, isopropanol and water, respectively. 
 
Functionalization of silanized surface with Au-NPs: 
For functionalization of the sensor surface with Au-nanoparticles, freshly silanized sensors 
have been immersed in Au-NP solution (tetraoctylammonium bromide (TOA) stabilized Au-
nanoparticles in toluol) for overnight, followed by rinsing in toluol, acetone, isopropanol and 
ultrapure water, respectively. 
 
Functionalization of the sensor surface with PEM: 
Measurement solutions: 
• Unbuffered solution: 0.1 M NaCl in distilled water; pH 5.4 (adjusted by NaOH and 
HCl) 
• Buffered solution: 0.1 M NaCl in 1 mM phosphate buffer solution (0.14% monosodium 
phosphate, monohydrate: 0.001% disodium phosphate, heptahydrate) 
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• PSS solution: PSS (10 μM, 50 μM) in NaCl solution (1 mM, 10 mM and 100 mM), pH 
5.4  
• PAH solution: PAH (10 μM, 50 μM) in NaCl solution (1 mM, 10 mM and 100 mM), 
pH 5.4 
The build-up of PEMs on the sensor surface has been achieved by consecutive adsorption of 
PAH and PSS (with molecular weight of Mw∼ 70,000). Sensors were consecutively exposed 
to the respective PE solution for a time necessary for the adsorption of a single monolayer as 
well as for obtaining a stable sensor signal (usually 3-5 min), followed by rinsing with a solu-
tion of the same salt concentration and pH value as the respective PE solution or with ul-
trapure water, and exposing to next PE solution without any drying steps. These procedures 
were repeated until the desired number of layers was achieved. The pH value of all solutions 
used was adjusted to pH 5.4. As in solutions at pH 5.4 the surface of SiO2 is negatively 
charged, we start the PEM formation with positively charged PAH. 
 
DNA immobilization, hybridization and denaturation: 
• Measurement solution: 0.2 mM phosphate buffer solution (0.001% monosodium phos-
phate monohydrate and 0.0034% disodium phosphate heptahydrate) in distilled water 
(pH 7.1). 
• DNA immobilization: Immobilization of thiol-modified 20 base pair perfectly matched 
ssDNA (5'THI-ATGAACACTGCATGTAGTCA-3') and fully mismatched ssDNA 
(5'THI-TACTTGTGATGTACATCAGT-3') molecules to the target ssDNA on the sur-
face of Au-NPs was done by pipetting of 40 µl immobilization solution (5 µM ssDNA, 
0.1 M phosphate buffer solution (PBS), pH 8.5) onto the particular sensor surface, fol-
lowed by incubating the sensors in humid conditions at 37 °C overnight. After immobi-
lization, the sensor surface was washed in ultrapure water to remove not-attached ssD-
NA molecules and dried with nitrogen.  
• DNA hybridization: For hybridization, a high ionic-strength solution (0.1 M PBS, 0.9 
M NaCl, pH 7) containing 5 μM of target ssDNA (5'-TGACTACATGCAGTGTTCAT-
3') was used. The hybridization solution was heated to ~70 °C, and then was pipetted 
onto the gate surface of the particular sensors. The sensors were left at room tempera-
ture for 15-30 min. After the incubation time, the sensor surface was washed (with dis-
tilled water for 1 min, 2 ×  SSC (sodium chloride-sodium citrate buffer) for 1 min, 1 ×  
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SSC for 1 min, rinsed again with distilled water) to remove the non-hybridized target 
DNA molecules and finally, dried with nitrogen.  
• DNA denaturation: The denaturation process was done by applying a drop of 0.1 M 
NaOH to the sensor surfaces and leaving it for 1 min. It was followed by washing the 
sensors with the same protocol as for the hybridization procedure described above. 
 
Penicillin biosensors: 
• Polymix buffer solution: This multi-component buffer consists of 2.5 mM TRIS, 2.5 
mM KH2PO4, 2.5 mM citric acid, 2.5 mM sodium tetraborate, 2.5 mM KCl. The pH of 
this polymix buffer was adjusted by titration either with NaOH or HCl. The polymix 
buffer has a constant buffer capacity over a wide pH range including the part from 5 to 
9. 
• Penicillin solutions: The penicillin solutions were prepared by dissolving penicillin G 
(benzyl penicillin, 1695 units/mg) in the working buffer. As working buffer, a 0.2 mM 
polymix multi-component buffer solution containing 100 mM KCl as an ionic strength 
adjuster was used. The pH of the polymix buffer was adjusted to pH 8 by titration with 
NaOH solution. 
• Enzyme solution: The enzyme solution was prepared by dissolving the enzyme penicil-
linase (EC 3.5.2.6., Bacillus cereus, specific activity: 1650 units/mg protein) in a 200 
mM TEA (trimethanolamine) buffer, pH 8.  
• Penicillin biosensor preparation: 
• Adsorptively immobilization of penicillinase: For preparation of the  
p-Si/SiO2/penicillinase structure with adsorptively immobilized penicillinase, 80 
µl enzyme solution per sensor were pipetted onto the chip surface, incubated at 
room temperature for about 1 h and dried in N2 atmosphere.  
• Immobilization of penicillinase using LbL method: For the preparation of the p-
Si/SiO2/(PAH/penicillinase)3-PAH biosensor, the sensor chip was exposed to the 
PAH (50 μM PAH, 0.1 M NaCl, pH 6) solution for 5 min, followed by rinsing 
with ultrapure water and dried with N2. Then, the enzyme penicillinase has been 
immobilized onto the modified sensor surface using the same immobilization 
protocol as for the p-Si/SiO2/penicillinase sensor described above. These proce-
dures were repeated until the desired number of PAH/penicillinase bilayers (in 
this study, three bilayers) were prepared.  
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Before their first use, the prepared penicillin biosensors were incubated in working buffer for 
at least 1 h to let the enzyme membrane equilibrate. When not in use, the sensors were stored 
















C.  Design of the EISOI measurement cell 
 
 
Technical cross-sectional sketch of the developed measurement cell for the EISOI sensor ar-
ray. 
 
Top view sketch of upper part of the measuring cell. 
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Top and bottom view of the lower part of the measuring cell. 
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